Ecosystem modelling in the Eastern Mediterranean Sea : the cumulative impact of alien species, fishing and climate change on the Israeli marine ecosystem by Corrales Ribas, Xavier
Ecosystem modelling in the Eastern 
Mediterranean Sea:  the cumulative impact 
of alien species, fishing and climate change 
on the Israeli marine ecosystem
PhD Thesis 2019
Xavier Corrales Ribas
  
 
 
 
 
 
 
  
 
   
 
 
Ecosystem modelling in the Eastern Mediterranean 
Sea: the cumulative impact of alien species, fishing and 
climate change on the Israeli marine ecosystem 
 
Modelización ecológica en el Mediterráneo oriental: el impacto acumulado de las 
especies invasoras, la pesca y el cambio climático en el ecosistema marino de Israel 
 
 
 
Memoria presentada por 
Xavier Corrales Ribas 
para optar al título de Doctor por la Universidad Politécnica de Cataluña (UPC) dentro del 
Programa de Doctorado de Ciencias del Mar 
 
Supervisores de tesis:  
Dr. Marta Coll Montón. Instituto de Ciencias del Mar (ICM-CSIC), Barcelona, España 
Dr. Gideon Gal. Centro de Investigación Oceanográfica y Limnológica de Israel (IOLR), 
Migdal, Israel  
Tutor: 
Dr. Manuel Espino Infantes. Universidad Politécnica de Cataluña (UPC), Barcelona, España 
 
 
 
Enero 2019 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
This PhD thesis has been framed within the project DESSIM (A Decision Support 
system for the management of Israel’s Mediterranean Exclusive Economic Zone) 
through a grant from the Israel Oceanographic and Limnological Research Institute 
(IORL). The PhD has been carried out at the Kinneret Limnological Laboratory (IOLR) 
(Migdal, Israel) and the Institute of Marine Science (ICM-CSIC) (Barcelona, Spain). 
The project team included Gideon Gal (Kinneret Limnological Laboratory, IORL, 
Israel) who was the project coordinator and co-director of this thesis, Marta Coll (ICM-
CSIC, Spain), who was co-director of this thesis, Sheila Heymans (Scottish Association 
for Marine Science, UK), Jeroen Steenbeek (Ecopath International Initiative research 
association, Spain), Eyal Ofir (Kinneret Limnological Laboratory, IORL, Israel) and 
Menachem Goren and Daphna DiSegni (Tel Aviv University, Israel).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
“In nature there are no rewards or punishments, there are consequences” 
“En la naturaleza no hay recompensas ni castigos, hay consecuencias” 
Bob Ingersoll 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 I 
ACKNOWLEDGEMENTS 
I would like to think about this thesis as a race, with accelerated and decelerated 
moments. It has been a quite long trip (5 years). During this time I lived in 4 different 
places, I worked in 4 research institutes, I met a lot of people and I made good friends. 
During all this time I have felt accompanied and I would like to thank to all the people 
that during one part of the trip or even all of it have contributed to the fact that today I 
am able to write this part of the thesis. I would like to mention all the people, so I 
apologize if I forget someone. Here it is my short tribute to all of them.  
First and foremost, this thesis would has not been possible without the opportunity that 
my supervisors, Dr. Marta Coll and Dr. Gideon Gal, gave me quite a long time ago. 
Thank you for all your support, guidance, encouragement and patience, allowing me to 
take a valuable experience in terms of research and personal enrichment. 
Thanks also to the members of the project team as well as co-authors on the different 
chapters of my thesis. Thank you for your time and advice on my work. Many thanks to 
Dr. Eyal Ofir for all the help during my stay in Israel, for all the discussions, for all the 
conversations, for all the trips, etc. Definitively, for being a friend. Many thanks 
extended also to Jeroen Steenbeek, who helped a lot during the thesis, especially for all 
the discussions and fixing Ecopath/Ecosim bugs. A special thanks to Dr. Sheila 
Heymans, who helped me on model development and kindly received in Oban. I am 
grateful to Dr. Stelios Katsanevakis, for the opportunity to participate in a European 
project, for my stay in Lesbos and for all your help and support in one of the chapters of 
the thesis. Many thanks to Dr. Dor Edelist and Dr. Menachem Goren for all the data on 
the study area and all the discussions, contributions, insightful comments and 
confidence they had in me. I want to warmly thank Dr. Chiara Piroddi, for all your 
lessons, valuable comments and discussions about Ecopath and ecological aspects. 
At the same time, I would like to thanks all the people who during my scientific training 
have brought some contribution, especially Dr. Josep Lloret and Dr. Isabel Palomera. 
Thanks for your advice, support, encouragement and your friendship.  
During the PhD, I had the fortune to meet many people. Thanks very much to my 
colleagues from the Kinneret Limnological Laboratory, especially Noam, Ruthy, Peleg, 
Yaron and Yohi. Many thanks to the colleagues and friends from Renewable Marine 
 II 
Resources Department from the Institute of Marine Science (ICM-CSIC). Firstly, a 
special thanks to my office mates: Marc F., Morane and John. Thanks for your patience 
with your chatterbox office mate and all your help. A special thanks to Daniel Vilas, for 
our friendship, support, help, valuable comments… I also would like to thanks Marc B., 
Mariona and Cristina, for our smoking breaks, your friendship and great (and bad) 
moments in front of the ICM. I would like to express many thanks to Alejandro, Marta 
Albo, Ivan, Marta Carretón, Carol, Claudio, Núria, Dafni, Susana, Anabel, Vanesa, 
Amalia, Federico, Elena Lloret, Elena Fernández, Fernando, Joan Navarro, Lucia, 
David, Joan Mir, Alizée, Javi, and Diego. I am also deeply thankful to Natalia Serpetti 
for your help while I was in Oban and to Athanasios Evagelopoulus, Maria Sini and 
Vasilis Trygonis for your warm reception during my stay in Mytilene.  
A really warm thanks to all my friends. Per la nostre amistat, per tots els bons moments 
i sobretot pel vostre suport en els moments dolents. En primer lloc a la colla d’amics de 
tota la vida de Portbou. Sempre aprop (tot i la distancia), actuant com a vàlvules 
d’escapament i desconexió en aquest petit racó de la Costa Brava. Moltes gràcies Pedro, 
Carlos (i els teus fills Leo i Enzo), Natalia, Eric, Paula, Anna, Didi, Davinia, Antonio, 
Laura, Joel, Carrillo, Edgar, Borja, Saida, Abraham, Manel, ... També m’agradaria 
donar les gràcies als companys de pis que he tingut a Barcelona. Moltes gràcies Andreu, 
Pablo, Marta, Janire i Elena. A totes les amistats barcelonines que hem continuat 
mantenint la amistat: Jordi, Virginia, Jenifer, Miquel, Uriol, David, Nuria, Gemma, Iris, 
Salva, Anna, Nuria ... I com no, un agraïment especial també al grup “Bailones”. Per 
tots el moments compartits, riures, balls, sortides, activitats, ... Heu sigut una via 
d’escapament molt important durant la última part de la tesis. Moltes gràcies Roberto, 
Eli, Alba, Eva, Mel, Mónica, David, Oscar, Laia, Elena, Laura, Paula, Joan, Robert, 
Toni, … 
I would like to conclude thanking my family. Especialment als meus pares, al meu 
germà i a la meva àvia. Moltes gràcies per tot: per fer-me la persona que soc ara, per 
tots els valors que m’heu inculcat, pel vostre amor, confiança i recolzament 
incondicional. Per aprendre a lluitar, a créixer. Gràcies per estar sempre al meu costat. A 
vosaltres us ho dec tot! Mil gràcies! 
 
  
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Abstract 
 
V 
ABSTRACT 
The ecosystems of the Eastern Mediterranean Sea have undergone significant ecological 
changes caused by multiple human stressors, including the impact of invasive alien 
species (IAS), overfishing and sea warming. Firstly, I reviewed modelling approaches 
that have been used to assess the impact of IAS in aquatic ecosystems. According to the 
review, multispecies/ecosystem mechanistic models dominated the applications, with 
dynamic and non-spatial models being the most prevalent. Most of the models included 
an additional human stressor, mainly fisheries, climate change and/or nutrient loading. 
In the review, I summarised the main features of these applications and analysed their 
capabilities and limitations. Based on my conclusions, I reflected on future directions of 
development and applications of suitable modelling tools.  
In the review, I found that the Ecopath with Ecosim (EwE) approach had been 
frequently used to assess the impacts of already established IAS. In addition, the review 
highlighted EwE capabilities to forecast existing, emerging and potential new IAS. 
Other available literature reviews had shown EwE capabilities in assessing impacts of 
fishing and climate change, the other two stressors included in this thesis. 
Therefore, as a second step in the thesis, I first developed two static Ecopath ecosystem 
models from EwE approach representing the food web of the Israeli Mediterranean 
coast in 1990s and 2010s to characterize the structure and functioning of the ecosystem 
and assess past and current impacts of IAS and fishing. I then used the time-dynamic 
Ecosim module of EwE to fit the 1990s model to available time series of observations 
between both periods and to explore the historical dynamics of the ecosystem 
considering the effects of IAS, fishing dynamics and sea warming. Finally, the time-
dynamic ecosystem model was used to perform future simulations of ecosystem change. 
Particularly, and after interacting with key stakeholders, I assessed the effects of a new 
set of fishing regulations currently being implemented in Israel, future changes in sea 
temperature following IPCC (Intergovernmental Panel on Climate Change) scenario 
projections and the potential increases in IAS biomass in the future. Firstly, I 
investigated the impacts of the stressors separately, and then I combined them to 
evaluate their cumulative effects.  
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Results from the static Ecopath models highlighted that the Israeli marine ecosystem, 
despite productivity differences, shared some structural and functional traits with other 
Mediterranean ecosystems such as the dominance of the pelagic domain in term of 
flows, the important role of detritus through low trophic levels and the importance of 
the benthic-pelagic coupling. In both time periods investigated, the same keystone 
groups were identified with the exception of hake in 2010s, which showed a decline in 
its keystone role, and may indicate that hake had lost its ecological role due to 
population declines. Most of the functional groups identified as keystone species had 
been previously identified as keystones in other Mediterranean ecosystems, such as 
dolphins, large pelagic fishes, sharks and squids.  
The temporal dynamic Ecosim model indicated that trophic interactions, ocean warming 
and fishing were important drivers of the ecosystem dynamics. In general, temporal 
biomass trends revealed that native demersal predators (e.g. hake) and native medium 
trophic level fishes (e.g. mullets) largely declined over time, while an increase over time 
of alien species was observed. Results from selected ecological indicators suggested a 
degradation pattern of the ecosystem over time.  
Future scenarios using the temporal dynamic Ecosim model showed overall potential 
benefits of fishing effort reductions, and detrimental impacts of increasing sea 
temperature and increasing biomass of alien species. Cumulative scenarios highlighted 
that the beneficial effects of fisheries reduction could be dampened by the impact of 
increasing sea temperature and alien species when acting together. These results support 
the need for reducing local and regional stressors, such as fishing and biological 
invasions, to retain marine ecosystems within a “safe operating space (SOS)” and 
ensure ecosystem resilience in an ongoing warming and impacted sea.  
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RESUMEN 
Los ecosistemas marinos del Mediterráneo oriental han sufrido cambios ecológicos 
importantes debido a múltiples presiones antropogénicas, incluido el impacto de 
especies invasoras, la sobrepesca y el calentamiento del mar. En primer lugar, he 
revisado los modelos que se han utilizado para evaluar el impacto de las especies 
invasoras en los ecosistemas acuáticos. De acuerdo con esta revisión, predominan los 
modelos mecanísticos de carácter multiespecífico/ecosistémico, siendo los modelos 
dinámicos y no espaciales los más frecuentes. La mayoría de los modelos incluyen un 
impacto antropogénico adicional, principalmente la pesca, el cambio climático y el 
aporte de nutrientes. Además, he resumido las principales características de estos 
modelos y he analizado sus capacidades y limitaciones. En base a las conclusiones de 
esta revisión, se han mostrado posibles direcciones para futuros desarrollos de los 
modelos y la aplicación de modelos adecuados.  
En esta revisión, he observado que el modelo Ecopath with Ecosim (EwE) ha sido 
utilizado frecuentemente para evaluar los impactos de las especies invasoras ya 
establecidas. Además, la revisión ha destacado las capacidades de EwE de pronosticar 
los futuros impactos de las especies invasoras establecidas, emergentes y potenciales. 
Otras revisiones disponibles en la literatura han demostrado las capacidades de EwE 
para evaluar los impactos de la pesca y el cambio climático.     
Por lo tanto, he desarrollado dos modelos estáticos Ecopath que representan la red 
trófica de la costa Mediterránea de Israel en los años 1990 y 2010 para caracterizar la 
estructura y funcionamiento del ecosistema y evaluar los impactos de las especies 
invasoras y la pesca en el pasado y en el presente. Después he utilizado el módulo 
dinámico-temporal Ecosim para ajustar el modelo de 1990 a series temporales de datos 
disponibles entre ambos periodos y para explorar la dinámica histórica del ecosistema 
considerando el efecto de las especies invasoras, la dinámica de la flota pesquera y el 
calentamiento del mar. Finalmente, el módulo dinámico-temporal ha sido utilizado para 
realizar simulaciones futuras de cambios en el ecosistema. En particular, he evaluado 
los efectos de un nuevo conjunto de regulaciones de pesca que se están implementando 
actualmente en Israel, futuros cambios en la temperatura del mar siguiendo las 
proyecciones del Panel Intergubernamental sobre el Cambio Climático (IPCC por sus 
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siglas en inglés) y posibles aumentos de la biomasa de las especies invasoras. Primero 
he investigado los diferentes impactos por separado y, luego, los he combinado para 
evaluar sus efectos acumulativos.  
Los resultados de los modelos estáticos Ecopath han destacado que el ecosistema 
marino israelí, a pesar de un patrón de productividad diferente, comparte algunas 
características estructurales y funcionales con otros ecosistemas mediterráneos como el 
dominio del hábitat pelágico en términos de flujos tróficos, el importante papel del 
detritus a través de niveles tróficos bajos y la importancia del acoplamiento bentónico-
pelágico. Los mismos grupos funcionales clave fueron identificados en ambos periodos 
investigados, a excepción de la merluza en 2010, lo que puede indicar que la merluza ha 
perdido su papel ecológico debido al declive de su población. La mayoría de los grupos 
funcionales identificados como especies clave ya han sido identificados previamente 
como tales en otros ecosistemas mediterráneos como por ejemplo los delfines, los 
grandes peces pelágicos, los tiburones y los calamares.  
El módulo dinámico-temporal Ecosim indicó que las interacciones tróficas, el aumento 
de la temperatura del mar y la pesca jugaron un papel clave en la dinámica del 
ecosistema. En general, las tendencias temporales de la biomasa revelaron que los 
depredadores demersales nativos (por ejemplo, la merluza) y los peces demersal nativos 
de nivel trófico medio (por ejemplo, los salmonetes) disminuyeron en gran medida con 
el tiempo, mientras que se observó un aumento de las especies invasoras con el tiempo. 
Los resultados de los indicadores ecológicos sugirieron un patrón de degradación del 
ecosistema con el tiempo.  
Los escenarios futuros utilizando el módulo dinámico-temporal Ecosim mostraron los 
beneficios potenciales generales de las reducciones del esfuerzo pesquero y los 
impactos negativos del aumento de la temperatura del mar y el aumento de la biomasa 
de las especies invasoras. Los escenarios acumulativos resaltaron que los efectos 
beneficiosos de la reducción de la pesca pueden verse disminuidos por el impacto del 
aumento de la temperatura del mar y las especies invasoras cuando actúan al mismo 
tiempo. Estos resultados respaldan la necesidad de reducir los impactos antropogénicos 
locales y regionales como la pesca y las especies invasoras, para mantener los 
ecosistemas marinos dentro de un “espacio operativo seguro (SOS por sus siglas en 
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inglés)” y promover la resiliencia de los ecosistemas en un mar en continuo 
calentamiento y altamente impactado.  
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RESUM 
Els ecosistemes marins de la Mediterrànea oriental han patit canvis ecológics importants 
a causa de múltiples pressions antropogèniques, inclòs l’impacte d’especies invasores, 
la sobrepesca i el calentament del mar. En primer lloc, he revisat els models que s’han 
utilitzat per avaluar l’impacte de les espècies invasores en ecosistemes aquàtics. 
D’acord amb aquesta revisió, predominen els models mecanístics de caràcter 
multiespecífic/ecosistèmic, sent els models dinàmics i no espacials els més freqüents. 
La majoria dels models inclouen un impacte antropogènic adicional, principalment la 
pesca, el canvi climàtic i l’aport de nutrients. A més, he resumit les principals 
característiques d’aquest models i he analitzat les seves capacitats i limitacions. En base 
a les conclusions d’aquesta revisió, s’han exposat possibles direccions per futurs 
desenvolupaments dels models i l’aplicació de models adecuats.  
En aquesta revisió he observat que el model Ecopath with Ecosim (EwE) ha estat 
utilitzat freqüentment per avaluar els impactes de les espècies invasores ja establertes. A 
més, la revisió ha destacat les capacitats d’EwE de pronosticar els futurs impactes de les 
espècies establertes, emergents i potencials. Altres revisions disponibles a la literatura 
han demostrat les capacitats d’EwE per avaluar els impactes de la pesca i el canvi 
climàtic.  
Per tant, he desencolupat dos models estàtics Ecopath que representen la xarxa tròfica 
de la costa Mediterrànea d’Israel en els anys 1990 y 2010 per caracteritzar l’estructura i 
funcionament de l’ecosistema i avaluar els impactes de les espècies invasores i la pesca 
en el passat i el present. Després he utilitzat el mòdul dinàmic-temporal per ajustar el 
model de 1990 a sèries temporals de dades disponibles considerant l’efecte de les 
espècies invasores, la dinàmica de la flota pesquera i l’escalfament del mar. Finalment, 
el mòdul dinamic-temporal ha estat utilitzat per realitzar simulacions futures de canvis 
en l’ecosistema. En particular, he avaluat els efectes d’un nou conjunt de regulacions de 
pesca que s’estan implementant actualment a Israel, canvis en la temperatura del mar 
seguint les projeccions del panell intergovernamental sobre el Canvi Climàtic (IPCC per 
les seves sigles en anglès) i possibles augments de la biomass de les espècies invasores. 
Primer he investigat els diferents impactes per separat i, després, els he combinat per 
avaluar els seus efectes acumulatius.  
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Els resultats dels models estàtics Ecopath han destacat que l’ecostema marí d’Israel, 
malgrat un patró de productivitat diferent, comparteix algunes característiques 
estructurals i de funcionals amd altres ecosistemes marins mediterrànis com el domini 
de l’hàbitat pelàgic en termes de fluxes tròfics, l’important paper del detritus a través de 
nivells tròfics baixos i la importància de l’acoplament bentònic-pelàgic. Els mateixos 
grups funcionals clau van ser identificats en els dos períodes investigats, a excepció del 
lluç en el 2010, que pot indicar que el lluç ha perdut el seus paper ecològic a causa del 
declivi de la seva població. La majoria del grups funcionals identificats com a espècies 
claus ja han estat identificats com a tals en altres ecosistemes mediterranis com ara els 
dofins, els gran peixos pelàgics, els taurons i els calamars.  
El mòdul dinàmic-temporal Ecosim ha indicat que les interaccions tròfiques, l’augment 
de la temperatura del mar i la pesca van jugar un paper clau en la dinàmic de 
l’ecosistema. En general, les tendències temporals de la biomasa van revelar que els 
depredadors demersals natius (per exemple, el lluç) i els peixos dersals natius de nivell 
tròfic mitjà (per exemple, els rogers) van disminuir en gran mesura amb el temps, 
mentre que es va observar un augment de les espècies invasores amb el temps. Els 
resultats dels indicadors ecològics van suggerir un patrò de degradació de l’ecosistema 
amb el temps. 
Els escenaris futurs van mostrar els beneficis potencials generals de les reduccions de 
l’esforç pesquer i els impactes negatius de l’augment de la temperatura del mar i 
l’augment de la biomasa de les espècies invasores. Els escenaris acumulatius van 
ressaltar que els efectes beneficiosos de la reducció de la pesca poden ser reduïts per 
l’impacte de l’augment de la temperatura del mar i les espècies invasores quan actuen al 
mateix temps. Aquests resultats recolzen la necessitat de reduir els impactes 
antropogènics locals i regionals com la pesca i les espècies invasores, per mantenir els 
ecosistems marins dins d’un “espai operatiu segur (SOS per les seves sigles en anglès)” 
i promoure la resiliència dels ecosistemes en un mar en continu escalfament i altament 
impactat.  
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המערכות האקולוגיות של מזרח ים התיכון עברו שינויים מהותיים בעקבות גורמי עקה שונים הכוללים בין 
תחילה, ערכתי סקירה ספרותית  והתבססות של מינים פולשים, דיג יתר והתחממות הים.השאר כניסה 
מקיפה שבה בחנתי את הגישות השונות לשימוש במודלים אקולוגיים לבחינת השלכות האפשריות של 
התבססות של מינים פולשים על מערכות אקולוגיות אקווטיות. מתוך הסקירה עולה כי מודלים תהליכיים, 
יים, ולא מרחביים הם הנפוצים ביותר. רוב המודלים כללו מרכיב עקה אנתרופגני נוסף כגון דיג יתר, מינ-רב
שינויים אקלימיים ועומס נוטריינטים. בנוסף, סיכמתי את השימושים במודלים, היכולות והמגבלות. על בסיס 
 דו לרשות חוקרים בתחום. המסקנות, הצעתי כיווני פיתוח ומחקר עתידיים לצורך הרחבת כלי המידול שיעמ
 misocE htiw htapocEבסקירה הספרותית שערכתי, מצאתי שנעשה שימוש תדיר במודלים מהסוג 
) לצורך הערכת ההשלכות של התבססות של מינים פולשים על מערכות אקולוגיות. בנוסף, נמצא כי EwE(
שים חדשים ומינים שעלולים מודלים מהסוג הזה יכולים לחזות את ההשלכות של כניסה של מינים פול
לפלוש. סקירות נוספות שנערכו בעבר הצביעו על האפשרות להערכת ההשפעות של דיג ושינויי אקלים על 
 .EwEמערכות אקולוגיות אקווטיות בעזרת מודלים מהסוג 
שייצגו את המערכת האקולוגית  htapocEבעקבות ממצאי הסקירות בניתי שני מודלים סטטיסטים מהסוג 
על מנת לאפיין את מבנה מארג המזון ותפקוד  0102-וכן ב 09-מדף היבשת הישראלי בתחילת שנות השל 
על  misocEהמערכת ולבחון את ההשפעות של מינים פולשים ודיג. בהמשך, בניתי מודל דינמי בזמן מהסוג 
חינת ולשחזר את התצפיות בין שתי התקופות לצורך ב 09-מנת להרחיב את המודל הסטטי משנות ה
התהליכים שהתרחשו בתקופה זאת , וחשיבותם. במיוחד, בחנתי את ההשלכות של המינים הפולשים, הדיג 
ושינויי האקלים על מארג המזון. בנוסף, השתמשתי במודל הדינמי על מנת להריץ תרחישים של שינויים 
ויים אקלימיים על במערכת האקולוגית. בתרחישים בחנתי את ההשלכות של השינויים בתקנות הדיג, שינ
) וכן את הפוטנציאל לעליה בביומסה CCPIממשלתית בנושא שינויי אקלים (-בסיס התחזיות של הועדה בין
של מינים פולשים בעתיד. תחילה בחנתי את ההשפעות של כל גורם בנפרד ובהמשך את ההשלכות 
 המצטברות של שלושת הגורמים יחדיו.
מרות התנאים הייחודים של מזרח ים התיכון, למערכת האקולוגית מתוצאות המודלים הסטטיים עולה כי, ל
של מדף היבשת הישראלי מאפיינים דומים, מבחינת מבנה ותפקוד, למערכות אחרות בים תיכון. לדוגמא, 
חומרי הרקב ברמות הטרופיות  משמעותהחשיבות של המרכיב הפלגי במערכת מבחינת מעברי האנרגיה, 
ן המערכות הפלגית והבנתית. בשתי התקופות שנבחנו, מיני המפתח היו דומים הנמוכות וערך הצימוד שבי
כנראה לאור הירידה בגודל האוכלוסייה. מרבית  0102) שאיבד מחשיבותו במודל של ekaHלמעט הבקלה (
הקבוצות שזוהו כמיני מפתח זוהו ככאלה במודלים אחרים של ים תיכון כדוגמאת הדולפינים, הכרישים, 
ם. המודל הדינמי בזמן הצביע על חשיבות האינטראקציות בין מרכיבי מארג המזון השונים, והדיונוני
התחממות הים ודיג כגורמים המשפיעים על תהליכים אקולוגיים. באופן כללי, הביומסה של קבוצות 
 tcartsba werbeH
 
 VIX
 הטורפים הדמרסליים, כגון הבקלה, וכן דגים מקומיים מרמות טרופיות ביניים, כגון המולית, הצטמצמה
במקביל לעליה בביומסה של מינים פולשים עם הזמן. תוצאות המדדים האקולוגיים מצביעים על התדרדרות 
 מצב המערכת האקולוגית לאורך זמן.
תוצאות התרחישים העתידיים רמזו על התועלות שבצמצום היקף הדיג וההשלכות השליליות שיתלוו לעלייה 
לשים. תוצאות ההרצות שבהם נבחנו שלושת הגורמים בו בטמפרטורה המים ולעליה בביומסה של מינים פו
זמנית הדגישו את צמצום התועלות שבהגבלות מאמץ הדיג בעקבות העלייה בטמפרטורה ובמינים הפולשים. 
תוצאות אלו מצביעות על הצורך בצמצום גורמי עקה מקומיים ואזוריים כגון דיג וחדירה של מינים פולשים 
וגית בתוך תחום תפקוד בטוח ולהגברת העמידות של המערכת האקולוגית כדי לשמר את המערכת האקול
 לאור השינויים הסביבתיים הצפויים.
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1.1. Human impacts on the marine environment 
1.1.1. Historical and emergent impacts on marine ecosystems 
The ocean covers two-thirds of the planet and holds a broader phylogenetic biodiversity 
of life than terrestrial ecosystems (Mora et al., 2011). Since ancient times, oceans have 
been an important source of food, employment and other economic benefits for 
humanity (Jackson et al., 2001, Lotze et al., 2006). In particular, coastal areas have 
provided advantages for human settlement because marine environment facilitates 
certain activities such as fishing, industry, trade and tourism (Barragán and de Andrés, 
2015). Nearly 40% of the world’s population lives within 100 km of the coast and this 
percentage is increasing (Agardy et al., 2005).  
The ocean productivity seemed unlimited (Christy and Scott, 1965, Costanza et al., 
1999). However, as human population grows, the use of marine resources and the 
impacts of anthropogenic activities on marine ecosystems have intensified, spread and 
diversified (Halpern et al., 2008b, Halpern et al., 2015a).  
During the last few decades, marine ecosystems have been altered at surprising rates in 
a global context as a result of escalating pressure from the cumulative impact of global, 
regional and local stressors, including climate change, biological invasions and direct 
human pressures such as overexploitation, pollution and habitat modification (Costello 
et al., 2010, Halpern et al., 2015a). Given the range of human activities, stressors often 
co-occur in time and space. Thus most marine ecosystems are exposed to the impacts of 
multiple stressors (Breitburg and Riedel, 2005, Halpern et al., 2015a, Ramírez et al., 
2018). In fact, no area of the world’s oceans is unaffected by anthropogenic activities 
and 40% of marine areas in 2015 was strongly affected by multiple human activities 
(Halpern et al., 2008b, Halpern et al., 2015a). 
Overexploitation is one of the major threats to marine ecosystems worldwide, causing 
biodiversity loss, profound and significant ecological changes and the loss of ecosystem 
services (Pauly et al., 1998, Worm et al., 2006). Specifically, since the Industrial 
Revolution, and especially after the Second World War, fishing was developed due to 
the implementation of new technologies, the geographic and bathymetric expansion of 
fishing and the capture of less accessible and initially less valuable species (Pauly et al., 
2002, Swartz et al., 2010, Anticamara et al., 2011, Watson et al., 2013, Watson and 
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Morato, 2013). Marine catches increased between 1950 and 1996, when they peaked at 
a maximum of 130 million tonnes and then started a steady decline (Fig. 1) (Pauly and 
Zeller, 2016). This decline occurred despite increased fishing effort and efficiency, and 
the geographic and bathymetric expansion of fishing activities (Swartz et al., 2010, 
Watson et al., 2013). Therefore, it seems that the overall limits of sustainable 
exploitation was long exceeded (Worm and Branch, 2012, Pitcher and Cheung, 2013). 
 
Fig. 1. Trajectories of reported and reconstructed catches from 1950 to 2010. Uncertainty of reconstructed 
catches is also shown. Source: Pauly and Zeller (2016).  
Fishing has a variety of direct and indirect effects on marine ecosystems (Crowder et al., 
2008). Direct impacts of fishing include the reduction, and even the local or regional 
extinction, of commercial and non-commercial species (Pauly et al., 2002, Worm et al., 
2009), the loss of genetic diversity (Allendorf et al., 2008, Pinsky and Palumbi, 2014) 
and changes in population structure (Barnett et al., 2017, Robinson et al., 2017). Indirect 
impacts include habitat degradation, mainly through the destruction of the seabed 
(Turner et al., 1999, Grabowski et al., 2014, Hiddink et al., 2017), the generation of a 
large amount of discards (Kelleher, 2005, Zeller et al., 2018), incidental capture of large 
marine vertebrates or bycatch (Lewison et al., 2004, Lewison et al., 2014) and changes 
in the structure and functioning of marine ecosystems (Frank et al., 2005, Daskalov et 
al., 2007).  
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Overfishing transforms an original stable, mature and efficient ecosystem into one that 
is immature and stressed (Odum, 1969, Garcia et al., 2003). Organism and ecosystems 
already stressed by fishing are more vulnerable to emergent impacts of stressors such as 
climate change and biological invasions (Occhipinti-Ambrogi and Savini, 2003, 
Poloczanska et al., 2016).  
With the increasing emissions of greenhouse gases, humans have triggered multiple 
negative effects on the planet, which include, among others, a global warming, ocean 
acidification, deoxygenation and changes in primary productivity (Fig. 2) (Walther et 
al., 2002, Caldeira and Wickett, 2003, Bopp et al., 2013). Oceans have absorbed a large 
part of the additional temperature and carbon dioxide produced by human activities 
(Sabine et al., 2004, Feely et al., 2009). As a result, climate change is modifying ocean 
biogeochemistry by promoting acidification, increasing temperatures and deoxygenation 
(the loss of dissolved oxygen from the ocean) (Hoegh-Guldberg and Bruno, 2010, 
Doney et al., 2012). Acidification is altering the seawater chemistry of the world’s 
oceans with consequences for marine organism, especially those that produce 
calcareous skeletal structures (Fabry et al., 2008). Marine biota respond to ocean 
warming through changes in distributions and abundances (Poloczanska et al., 2016), in 
phenology (Edwards and Richardson, 2004) and in body size (Cheung et al., 2013a). All 
these impacts have already altered the structure and function of marine ecosystems by 
decreasing ocean productivity, changes in ocean circulation and stratification, oxygen 
supply, reducing abundance of habitat-forming species, coastal habitat loss due to 
increasing sea level and altering food-web dynamics (Hoegh-Guldberg and Bruno, 
2010, Doney et al., 2012). In addition, climate change is affecting global fisheries and 
societies that depend on them (Cheung et al., 2013b, Barange et al., 2014) and is 
favouring the invasion and spread of alien species (Occhipinti-Ambrogi, 2007, Walther 
et al., 2009, Sorte et al., 2010). 
1.1.2. The invasion of marine species 
Biological invasions are among the major components of global change in marine 
ecosystems (Fig. 3) (Grosholz, 2002, Bax et al., 2003). In the marine environment, most 
alien species are reported in bays and estuaries, which are focal points of human 
population and trade (Ruiz et al., 2000). However, open ocean areas could also be 
critically altered by alien species (for example, the Mediterranean Sea) (Edelist et al., 
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2013a). Alien species (also known as exotic, introduced, allochthonous, non-indigenous 
or non-native species) are any taxa that are introduced outside their natural past or 
present distribution, including any part, gamete seeds, eggs, or propagules that might 
survive and subsequently reproduce. Invasive alien species (IAS) are defined as those 
alien species whose introduction or spread threaten biological diversity (CBD, 2002). 
Many organisations and states, e.g. the European Union (Regulation 1143/2014), 
include in the definition of IAS not only impacts on biodiversity but also on ecosystem 
services.  
 
Fig. 2. Time series of global sea surface temperature (ºC), surface pH change (pH unit), ocean O2 content 
change (%), and global net primary productivity change (%) over 1870-2100. Shadows represent standard 
deviation. All variables are plotted relative to 1990-1999. Source: Bopp et al. (2013). 
Once alien species become established in marine ecosystems, it is nearly impossible to 
eliminate them (Thresher and Kuris, 2004). Therefore, prevention through managing 
vectors and pathways have been recognized as the most effective policy (CBD, 2002). 
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The study of alien species in marine ecosystems has, historically, lagged behind that of 
terrestrial and freshwater ecosystems (Grosholz, 2002). However, during the last 
decades, there has been increasing research on this topic that has provided insights into 
their ecological consequences (Grosholz, 2002, Katsanevakis et al., 2014c). The impacts 
of IAS can be detected at any biological level, ranging from the loss of native 
genotypes, changes in community composition, changes in habitat conditions, effects on 
food web properties, ecosystem processes and functioning, and impacts on ecosystem 
services (Levin and Crooks, 2011, Katsanevakis et al., 2014c).  
Humans have traded and, intentionally or unintentionally, transported alien species for 
millennia, but the rate of new introductions of alien species have been accelerated in 
recent decades by the rapid globalisation of human activities and increases in trade and 
transport capacity, despite growing national and international efforts to reduce invasion 
risk (Hulme, 2009, Katsanevakis et al., 2013, Nunes et al., 2015, Seebens et al., 2017). 
Therefore, marine ecosystems are experiencing unpreceded rates of species extinctions 
and introductions (Byrnes et al., 2007, Hulme, 2009), leading to a biotic 
homogenization (Sala and Knowlton, 2006). Moreover, their impacts are expected to 
further increase, especially due to climate change (Walther et al., 2009, Raitsos et al., 
2010). 
In marine ecosystems, there are many examples of large-scale and dramatic impacts of 
IAS (Fig. 3). An increasing number of alien species are currently dominating many 
habitats, which contribute strongly to changes in community structure and the 
ecosystem structure (Cohen and Carlton, 1998, Grosholz, 2002, Jimenez et al., 2018). In 
the Black Sea, overfishing, eutrophication and the invasion of the comb jelly, 
Mnemiopsis leidy, profoundly impacted the structure and functioning of the ecosystem, 
with important effect on fisheries, including the collapse of the European anchovy 
(Engraulis encrasicolus) fishery (Shiganova, 1998, Oguz et al., 2008a). The 
Mediterranean Sea, which is the study area of the present thesis, is one of the marine 
ecosystems most affected by biological invasions (Molnar et al., 2008, Costello et al., 
2010).  
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Fig. 3. Map showing the number of harmful invasive species by coastal ecoregion. Source: Early et al. 
(2016) and https://pipap.sprep.org 
1.2. The ecosystem-based approach 
Managing coastal and marine resources is becoming increasingly complex as interacting 
and cumulative anthropogenic impacts are rapidly increasing. These anthropogenic 
impacts come from the activities of multiple sectors such as fisheries, oil and gas 
extraction, shipping, sea bed mining, marine renewable energy, desalination plants, 
tourism, and urban and coastal development (Vierros et al., 2015). Since most activities 
do interact, managing each activity largely in isolation will be insufficient to conserve 
marine ecosystems (Breitburg and Riedel, 2005, Halpern et al., 2008a).  
The appreciation of the interconnectedness between the environment, species 
populations and the cumulative impacts of human activities illustrates the pressing need 
to move towards a more comprehensive management of human activities such as an 
ecosystem-based management (EBM) (Rosenberg and McLeod, 2005, Leslie and 
McLeod, 2007). While there are a number of differing definitions for EBM or even 
different approaches or conceptual frameworks (e.g., integrated coastal management) 
and definitions vary across them, they have similar core principles and they agree about 
the need to move towards a more holistic management approach that recognizes the 
interaction of activities within the ecosystem (McLeod et al., 2005, Link, 2010a). EBM 
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applied to the marine environment calls for a shift in ocean management policies from 
management of individual sectoral activities such as fisheries, towards an integrated 
approach that considers the interdependence of the entire ecosystem, including humans 
and the environments in which they live (Rosenberg and McLeod, 2005, Leslie and 
McLeod, 2007). EBM aims to maintain ecosystems in healthy, productive and resilient 
conditions so they can provide needed ecosystem services (McLeod et al., 2005).  
EBM is now widely recognized as the best way to manage marine ecosystems and has 
been a prominent topic in science based management for several decades (Long et al., 
2015, Smith et al., 2017). However, progress towards implementing and 
operationalizing it has been slow (Levin et al., 2013, Cochrane et al., 2014). Despite 
this, several efforts have been made to implement the EBM. For example, EBM is a key 
element to NOAA’s Integrated Ecosystem Assessments (Levin et al., 2009), Fisheries 
and Oceans Canada has implemented aspects of EBM (Curran et al., 2012) and there 
has been a strong shift towards EBM in Australia (Smith et al., 2007, Smith et al., 
2017). In Europe, the Marine Strategy Framework Directive (MSFD), following the 
EBM approach, aims to achieve “clean, healthy and productive” oceans (Good 
Environmental Status) by 2020, focusing on 11 descriptors related to ecosystem 
features, human drivers and pressures (Berg et al., 2015, Marshall et al., 2018).  
1.3. Ecosystem models as tools to assess the impacts of 
human activities 
Humans have always used models, defined as a simplified representation of some real-
world entity, as tools to solve problems. Models allow us to increase understanding of 
processes, drivers and responses of organism and ecosystem to human pressures, 
identify gaps in our knowledge and allow making predictions about future dynamics. 
However, models will never be able to represent all the features of the real system due 
to the complexity of ecosystems, but they may contain qualitative or quantitative 
descriptions of key components and processes of the system essential in the context of 
the problem to be solved or described, and the relationships between those components. 
Intense research and our increasing understanding of aquatic ecosystems, together with 
the development of computing technology, which has enabled us to handle very 
complex mathematical models, has allowed the development of a large variety of 
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models during the last decades (Whipple et al., 2000, Wonham and Lewis, 2009, Fulton, 
2010, Koenigstein et al., 2016).  
A desirable model would be one that maximizes generality (the applicability of a model 
to different ecosystems, data sets and questions), realism (the model includes detailed 
processes through mathematical equations) and precision (the degree of exactness in 
measurements or predictions) (Levins, 1966). However, in practice, modelling is 
essentially a trade-off between generality, realism and precision (Levins, 1966). While 
some models sacrifice realism (mostly statistical models), others sacrifice generality or 
precision (mostly mechanistic models) (Levins, 1966). The main difference between 
these models is related to their internal structure. In mechanistic models, the relationship 
between the variables is specified in terms of the biological process, while statistical 
models look for patterns and relationships in the observed data, regardless of the 
causative processes involved (Hilborn and Mangel, 1997, Whipple et al., 2000, Robson, 
2014b). Therefore, mechanistic models can offer a deeper understanding of the system 
than a statistical analysis, but generally require additional data or deeper understanding 
of studied processes (Kendall et al., 1999, Jørgensen and Fath, 2011, Robson, 2014b).  
Mechanistic models could be categorized into qualitative and quantitative models. 
Qualitative models such as loops analysis provide a framework for formulating 
qualitative relationships between variables within a particular system using signed 
diagraphs to represent community interactions and predict system stability and 
perturbations (Puccia and Levins, 1985, Dambacher et al., 2002). The high 
mathematical rigor of the analyses and their high generality and realism (Levins, 1966, 
Whipple et al., 2000) make them a powerful tool for applied ecology (Dambacher et al., 
2002, Dambacher et al., 2009). However, they have low precision and high uncertainty, 
as the magnitude of the interactions are not included (Dambacher et al., 2002). 
Therefore, within the EBM framework, the development and implementation of 
mechanistic models has mainly focused on quantitative models (Fulton, 2010). 
The EBM approach has generated a great interest among the scientific community and 
therefore several new tools have been developed in recent decades, which include the 
development and application of multispecies and ecosystem models (Plagányi, 2007, 
Link, 2010a, Christensen and Maclean, 2011). These have been recognized as powerful 
tools to examine the interactions between marine resources and ecosystems and human 
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activities within an ecosystem context, estimate the impact of human activities, assess 
impacts of the environment, evaluate the effect of management measures and provide 
support to the decision-making process (Plagányi, 2007, Collie et al., 2014, Acosta et 
al., 2016). 
In these approaches, model complexity reflects a trade-off between simplicity and 
accuracy (Levins, 1966, Fulton et al., 2003). Simple models often ignore important 
components, processes and interactions and can thus have large model bias. However, 
increasing model complexity to improve biological processes representation can lead to 
an associated increase in scientific uncertainty, as a result of (1) incomplete knowledge 
about components, processes and interactions, which could lead the user to make 
assumptions, (2) large data demands and (3) the imprecision of parameters estimates 
(Fulton et al., 2003, Plagányi, 2007). Therefore, it has been recommended to include 
essential processes and components in a balanced way to address the question under 
consideration while capturing the complexity of aquatic systems (FAO, 2008, Hannon 
and Ruth, 2014).  
There are different types of multispecies and ecosystem modelling approaches 
(Plagányi, 2007, Fulton, 2010, Peck et al., 2016, Tittensor et al., 2018), which can be 
generally divided into: 1) Minimum realistic models (MRM) and models of 
intermediate complexity (MICE), which include a limited number of species that have 
important interactions with the target species (Punt and Butterworth, 1995, Plagányi et 
al., 2014); 2) Multispecies individual-based models (IBM) such as OSMOSE (Shin and 
Cury, 2004), which is a two-dimensional dynamic IBM representing the whole life 
cycle of several fish species and 3) aggregate biomass, food web and network models 
such as Ecopath with Ecosim (Christensen and Walters, 2004a), which attempt to take 
into account all trophic levels, from primary producers to top predators, and the 
interactions within the ecosystem. Finally, end-to-end models or whole ecosystem 
models such as Atlantis (Fulton et al., 2004b) are the last generation of marine 
ecosystem models and attempt to represent all the ecosystem components (from 
nutrients, biogeochemical cycling and primary producers to top predators) and the 
anthropogenic and natural drivers of the systems (Travers et al., 2007, Fulton, 2010, 
Rose et al., 2010).  
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1.3.1. The Ecopath with Ecosim approach 
The ecosystem modeling approach using the Ecopath with Ecosim (EwE) model was 
initially developed by Polovina (1984) to characterize the trophic relationships in the 
coral reef ecosystem of the “French Frigate Shoals” island (Northwestern Hawaii) by 
developing the static module Ecopath. Subsequently, the Ecopath module was adapted 
by Dr. Daniel Pauly, Dr. Villy Christensen and Dr. Carl Walters from the University of 
British Columbia (Vancouver, Canada) (Christensen and Pauly, 1992, Christensen and 
Pauly, 1993), and the temporal (Ecosim) and spatial (Ecospace) dynamic modules were 
developed (Walters et al., 1997, Walters et al., 1999). Currently, these modules are 
integrated into a modeling package called Ecopath with Ecosim (EwE) and Ecospace 
(Christensen and Walters, 2004a, Christensen et al., 2008, Heymans et al., 2016). 
The EwE modelling approach is considered the most widely used aquatic ecological 
model (Coll et al., 2015, Colléter et al., 2015) and was recognized by the National 
Oceanographic and Atmospheric Administration (NOAA) as one of the 10 biggest 
scientist breakthroughs in the organization’s 200-year history 
(http://celebrating200years.noaa.gov/breakthroughs/ecopath/). Its application has 
allowed, among others, to characterize exploited ecosystems, identify the role of 
fishing, evaluate the importance of trophic  configuration and environmental factors in 
the dynamics of exploited resources, assess the location and size of Marine Protected 
Areas (MPA) and analyze management options in an ecosystem context (Christensen 
and Walters, 2004a, Coll et al., 2008b, Heymans et al., 2012, Colléter et al., 2015). 
The Ecopath mass-balance approach 
Ecopath models provide a quantitative representation of the studied ecosystem, or a 
“snapshot”, in terms of trophic flows, for a defined period of time. The key principle of 
the Ecopath model is the mass balance: for each group represented in the model, the 
energy removed from that group, for example by predation or fishing, must be balanced 
by the energy consumed, i.e. consumption, and the energy incorporated to the system, 
i.e. through migration. This principle is achieved through the two master equations: one 
describing the biological production and the other describing the consumption for each 
functional group or “box” in the model.  
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A functional group in an Ecopath model consists of an onthogenic fractions of a species, 
a single species or a group of species that share common biological and ecological traits 
such as habitat, feeding and depth distribution (Christensen and Walters, 2004a, 
Christensen et al., 2008). This definition depends on the objectives of the model and 
data availability (especially biomass, diet and catch). 
The first equation that describes the production of each functional group (Pi) is as 
follows:  
𝑃𝑖 =  ∑ 𝐵𝑗𝑗 · 𝑀2𝑖𝑗 + 𝑌𝑖 +  𝐸𝑖 +  𝐵𝐴𝑖 +  𝑃𝑖 · (1 − 𝐸𝐸𝑖)             Eq. (1) 
where M2ij is the predation mortality caused by the biomass of the predators (Bj); Yi is 
the export from the system due to fishing activity; Ei represents other exports; BAi is the 
biomass accumulation in the ecosystem and (1-EEi) is the other mortality factor, where 
EE is the Ecotrophic Efficiency that represents the degree of production of each 
functional group (i) which is utilized by higher trophic levels or is exported due to catch 
or migration (Christensen and Walters, 2004a, Christensen et al., 2008). 
Eq. (1) can be re-expressed as: 
𝐵𝑖 · (
𝑃
𝐵
)
𝑖
=  ∑ 𝐵𝑗 · (
𝑄
𝐵
)
𝑗
·  𝐷𝐶𝑖𝑗 + 𝑌𝑖 + 𝐸𝑖  + 𝐵𝐴𝑖 + 𝐵𝑖 ·  (
𝑃
𝐵
)
𝑖
· (1 −  𝐸𝐸𝑖)    𝑗 Eq. (2) 
where (P/B)i is the production of group (i) per unit biomass and is equivalent to total 
mortality, or Z, under steady-state condition (Allen, 1971); (Q/B)i is the consumption of 
group (i) per unit biomass; and (DCij) is the proportion of group (i) in the diet 
composition of predator (j) in terms of biomass.  
The energy balance within each group is ensured when the consumption by group (i) 
equals the sum of its production and unassimilated food. This is represented by the 
second master equation of the approach:  
𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑄) =  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑃) +  𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 (𝑅) +  𝑢𝑛𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑒𝑑 𝑓𝑜𝑜𝑑 (𝑈)       Eq. (3) 
Further details on the algorithms and equations, in addition to limitations and challenges 
of the approach are described in Christensen and Walters (2004a), Christensen et al. 
(2008), Ainsworth and Walters (2015) and Heymans et al. (2016).  
Ecopath parameterizes the model by describing a system of linear equations for all the 
functional groups in the model. For each functional group, three of the four basic 
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parameters (Bi, (P/B)i, (Q/B)i, EEi) are required, in addition to the catch by fleet and 
functional group (Yj) and the diet composition (DCij) of all groups. 
The Ecosim time-dynamic model 
Ecosim is the time-varying expression of the Ecopath model and consists of the analysis 
of biomass dynamics expressed through a series of differential equations (Walters et al., 
1997, Christensen and Walters, 2004a). These equations are derived from the first 
Ecopath master equation (Eq. 1), and are defined as: 
𝑑𝐵𝑖
𝑑𝑡
 = (
𝑃
𝑄
)
𝑖
· ∑ 𝑄𝑗𝑖 − ∑ 𝑄𝑖𝑗 + 𝐼𝑖 − (𝑀𝑖 +  𝐹𝑖 +  𝑒𝑖) · 𝐵𝑖                           Eq. (4) 
Where dBi/dt is the growth rate of group (i) during time t in terms of its biomass Bi; 
(P/Q)i is the net growth efficiency of group (i); Mi is the non-predation mortality rate; Fi 
is the fishing mortality rate; ei is the emigration; and Ii is the immigration rate 
(Christensen et al., 2008).  
∑Qji expresses the total consumption by functional group (i) and is calculated based on 
the foraging arena concept, that assumes that the prey is not 100% available for 
predators in aquatic systems (Walters et al., 1997, Walters and Martell, 2004, Ahrens et 
al., 2012). This theory assumes that different behavioral traits make prey vulnerable or 
not to predation (depending on whether they hide or not, how they distribute, how they 
school, etc.). Thus, the biomass of a prey (i) is divided into a vulnerable and a non-
vulnerable fraction and the transfer rate or vulnerability (vij) between the two fractions 
determines the trophic flow control between the predator and prey (Fig. 4 and 5). The 
vulnerability concept incorporates density-dependency and expresses how far a group is 
from its carrying capacity (Christensen and Walters, 2004a, Christensen et al., 2008). 
Default values of vulnerability (vij = 2) represent a mixed trophic flow, a low value (vij < 
2) indicates a “bottom-up” flow and a situation closer to carrying capacity, while a high 
value (vij > 2) indicates a “top-down” flow and a situation further away from carrying 
capacity (Walters and Martell, 2004, Ahrens et al., 2012). 
For each predator-prey interaction, the consumption rate is calculated by: 
𝑄𝑖𝑗 =  
𝑎𝑖𝑗·𝑣𝑖𝑗·𝐵𝑖·𝐵𝑗·𝑇𝑖·𝑇𝑗·𝑆𝑖𝑗·
𝑀𝑖𝑗
𝐷𝑗
⁄  
𝑣𝑖𝑗+𝑣𝑖𝑗·𝑇𝑖·𝑀𝑖𝑗+𝑎𝑖𝑗·𝑀𝑖𝑗·𝐵𝑗·𝑆𝑖𝑗·
𝑇𝑗
𝐷𝑗
⁄
· 𝑓(𝐸𝑛𝑣𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 , 𝑡)            Eq. (5) 
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Where aij is the rate of effective search for prey (i) by predator (j), Ti represents prey 
relative feeding time, Tj is the predator relative feeding time, Sij is the user-defined 
seasonal or long term forcing effects, Mij is the mediation forcing effects and Dj 
represents effects of handing time as a limit to consumption rate (Walters et al., 1997, 
Christensen and Walters, 2004a, Christensen et al., 2008). Environmental response 
functions (f(Envfunction, t)) can be used to account for external drivers that change 
overtime, such as temperature. In particular, the intercept between the environmental 
response function and the environmental driver is used to calculate a multiplier factor 
(Eq. 5), which then modifies the consumption rates of the functional group with a 
maximum value of 1 and declining value as the environmental driver deviates from the 
optimum values (Christensen et al., 2014b, Serpetti et al., 2017). 
 
Fig. 4. Representation of the foraging arena theory that represents the biomass flow between unavailable 
biomass of prey (Bi – Vi), available biomass of prey (Vi) and flow to predator (j) with biomass Bj. 
Adapted from Walters et al. (1997). 
In order to explain historical changes in a marine ecosystem, a model should (at least) 
consider food-web effects, environmental change and human impacts. During this thesis 
I have included the more important drivers of the Israeli Mediterranean marine 
ecosystem. Specifically, I have included food-web effects through trophic interactions 
(prey-predator interactions and the vulnerability parameter), environmental change 
through the inclusion of sea warming (also an anthropogenic impact) and changes in 
primary production, and impacts of human activities by including specific groups of 
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alien species and the effects of fishing. These are the current major drivers in the 
Levantine Sea (Edelist et al., 2013a, Givan et al., 2017a, Rilov et al., 2018). 
 
 
Fig. 5. Schematic representation of the foraging arena theory that represents several behaviors of aquatic 
organism that limit their exposure to predation risk (v is the vulnerable biomass of prey). Source: Ahrens 
et al. (2012). 
1.3.2. Ecological indicators 
Ecological indicators are important within the EBM framework because (1) they serve 
as proxies for several complex ecological processes, (2) are quantitative representations 
of ecosystem status, which means they can provide an indication of the condition of the 
ecosystem, its components or its functioning, and (3) provide a means for evaluating the 
impact of human activities in marine ecosystems and the effectiveness of management 
measures (Cury et al., 2005, Shin et al., 2010, Tam et al., 2017). Ecological indicators 
are increasingly used to document ecosystem status and to track the effects of 
anthropogenic and environmental stressors on marine ecosystems (Rice, 2003, Fulton et 
al., 2005, Fu et al., 2015). In fact, there have been international initiatives, such as 
IndiSeas initiative (“Indicators for the Seas), which has developed and assessed 
ecological indicators to evaluate the impact of fishing on marine ecosystems worldwide 
(Shin and Shannon, 2010, Shannon et al., 2014, Coll et al., 2016) or the Ocean Health 
Index, a comprehensive framework used to assess the health and benefits of the ocean 
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from global to local scales based on ten societal goals, ranging from food provision to 
job, tourism and coastal protection (Halpern et al., 2012, Halpern et al., 2015b).  
Ecosystem models can be used to derive useful indicators to describe ecosystem 
properties (Christensen and Walters, 2004a, Piroddi et al., 2015b, Coll and Steenbeek, 
2017). For example, ecosystem models can provide useful indicators described under 
the attributes of the Marine Strategy Framework Directive of the EU (Lassen et al., 
2013, Rombouts et al., 2013, Piroddi et al., 2015b). In particular, EwE provides 
indicators to describe five descriptors (1: Biological diversity, 2: Non-indigenous 
species, 3: Commercially exploited fish and shellfish, 4: Marine food webs, and 6: Sea 
floor integrity) (Piroddi et al., 2015b) and, particularly, it can be very informative for 
descriptor 4  (Rombouts et al., 2013, Piroddi et al., 2015b).  
However, not all the indicators are equally robust, defined as the consistency of 
performance across alternative ecosystem types, levels of perturbation and uncertainty 
(Fulton et al., 2005, Heymans et al., 2014). A key aspect of robustness is that indicators 
should respond specifically to changes in the pressures they are designed to represent 
(e.g., fishing) rather than changes in other drivers (e.g., environment) (Shin et al., 2018). 
In fact, an ecological indicator that has been selected to track fishing impacts could also 
respond to other drivers such as environmental change (Large et al., 2013, Fu et al., 
2015). In addition, ecological indicators vary with ecosystem traits (depth, size, latitude, 
etc.), highlighting that the features of the ecosystem need to be accounted for when 
setting reference levels and thresholds for conservation and management (Heymans et 
al., 2014).  
1.3.3. Scenario testing 
Scenarios are defined as plausible descriptions of alternative futures for direct or 
indirect drivers based on a coherent and consistent set of assumptions. Good scenarios 
could help us to understand how key drivers may interact and affect the plausible future. 
The consequences of these drivers are usually assessed using models (Ferrier et al., 
2016).  
In the EBM context, when models are able to satisfactorily replicate the past, we can 
start thinking of using them to make predictions and evaluate “what if” questions 
(Christensen, 2013). Although ecosystem models and ecological forecasts face several 
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obstacles linked to ecosystems characteristics and include high uncertainty (Link et al., 
2012, Payne et al., 2015, Maris et al., 2017), they have the potential to contribute 
significantly to achieve goals in marine conservation by offering guidance to decision-
makers (Fulton et al., 2015, Hyder et al., 2015). Their use in assessments, policy support 
and decision making can provide insights about how the ecosystem could respond to 
plausible future stressors, enabling the development of adaptive management strategies, 
and allows for exploring the implications of alternative managements options (Acosta et 
al., 2016, Ferrier et al., 2016, Merrie et al., 2017). The use of scenarios and models for 
assessing biodiversity and ecosystem services has been well supported by the 
International Science-Policy Platform on Biodiversity and Ecosystem services (IPBES) 
process (Acosta et al., 2016, Brotons et al., 2016).  
EwE applications have been used to forecast future human impacts on marine 
ecosystems, especially fishing (Christensen and Walters, 2011). In fact, the Institute for 
European Environmental Policy concluded that, among available models of marine 
ecosystems, EwE was the most suitable for the development of scenarios for exploring 
future trends of marine biodiversity and changes in ecosystem services (Sukhdev, 
2008). For example, EwE has been applied to maximize ecosystem considerations and 
economic yield (Christensen and Walters, 2004b), applying MSY (Maximum 
Sustainable Yield) policies from single-species assessments (Walters et al., 2005), 
reduce fishing mortality due to bycatch reduction (Criales-Hernandez et al., 2006), 
impose effort restrictions to recreational fishery (Cisneros-Montemayor et al., 2012), 
explore the potential ecosystem effects of improved selectivity (Coll et al., 2008a) and 
spatial optimization of protected areas (Christensen et al., 2009). In addition, during the 
last decade it has been increasingly used to assess the impact of other stressors such as 
climate change (Ainsworth et al., 2011, Serpetti et al., 2017) and biological invasions 
(Pinnegar et al., 2014, Libralato et al., 2015).   
1.4. The study area: The Mediterranean Sea and the 
Israeli Mediterranean coast 
The Mediterranean Sea is a semi-enclosed sea located at the crossroad of Africa, Europe 
and Asia. It connects with the Atlantic Ocean through the Strait of Gibraltar, with the 
Sea of Marmara and the Black Sea through the Bosporus Strait and with the Red Sea 
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and the Indian Ocean through the Suez Canal (Fig. 6). The Strait of Sicily divides the 
Mediterranean Sea into the western and eastern basin. The Mediterranean Sea is the 
largest (2,969,000 km
2
) and deepest (with an average depth of 1,400 m and a maximum 
depth of 5,267 m) enclosed sea. Although it covers only 0.82% of the whole oceanic 
surface, it hosts about 7% of the known marine biodiversity, highlighting its high 
biodiversity, and it has a high endemism (Bianchi and Morri, 2000, Coll et al., 2010).  
 
Fig. 6. The Mediterranean Sea with (a) the bathymetric profile, (b) mean sea surface temperature (ºC), (c) 
sea surface salinity (practical Salinity Scale (PSS)), and (d) chlorophyll concentration (mg/m
3
) in 2017. 
Source: Tyberghein et al. (2012) and Assis et al. (2018). 
Although the Mediterranean Sea is considered as a Large Marine Ecosystem (Sherman 
and Duda, 1999), environmental and biodiversity patterns show that it is highly 
heterogeneous. Overall, the Mediterranean Sea is considered oligotrophic (Bosc et al., 
2004) with some local regions of enhanced productivity (Siokou-Frangou et al., 2010). 
Biological productivity decreases from north to south and from west to east (Fig. 6), 
while salinity and temperature increase from west to east (Fig 6) (Brasseur et al., 1996, 
Bosc et al., 2004, Coll et al., 2010, Siokou-Frangou et al., 2010). The annual mean sea 
surface temperature shows a high seasonality, which induce a seasonal stratification of 
the waters and determines a maximum primary production in autumn and spring and a 
minimum in summer (Bosc et al., 2004).  
In addition, biodiversity decreases from west to east (Coll et al., 2010). This has been 
attributed to: 1) the Messinian salinity crisis, which caused a massive extinction and the 
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subsequent colonization of the Mediterranean Sea by species from the Atlantic Ocean; 
2) hydrological changes during the Pleistocene that made the Eastern Mediterranean Sea 
and especially the Levantine Sea an isolated part of the whole Mediterranean, 3) 
unfavourable environmental conditions (primary production, temperature and salinity) 
in the eastern area, and 4) less intensive biological sampling effort (Coll et al., 2010, 
Por, 2012). 
The Mediterranean Sea has a long history of human disturbance and exploitation 
(Margalef, 1985, Coll et al., 2010, Lotze et al., 2011a). However, several studies have 
shown that the Mediterranean Sea ecosystems have changed dramatically during the last 
50 years (Azzurro et al., 2011, Maynou et al., 2011, Fortibuoni et al., 2017, Piroddi et 
al., 2017), mainly due to technological improvements of fishing industry, demographic 
explosion in the coastal areas, the impacts of climate change and the introduction of 
alien species (Golani and Appelbaum-Golani, 2010, Lejeusne et al., 2010, Lotze et al., 
2011a). In addition, the Mediterranean Sea is being altered through habitat loss and 
degradation, pollution, eutrophication, and aquaculture (Coll et al., 2010, Coll et al., 
2012, Micheli et al., 2013, Ramírez et al., 2018). Because of such intense pressure, the 
Mediterranean Sea is characterized as a sea “under siege”, and classified among the 
most impacted ecoregions of the world (Coll et al., 2012, Halpern et al., 2015a). 
There is evidence of the high impact of fishing on the Mediterranean Sea based on 
several analyses, indicating that many demersal and pelagic stocks are fully exploited or 
overexploited (Fig. 7) (Vasilakopoulos et al., 2014, Tsikliras et al., 2015, Cardinale and 
Scarcella, 2017, Fernandes et al., 2017). To date, 90% of assessed Mediterranean 
European stocks are overfished (Colloca et al., 2017), while the situation in non-EU 
countries, although data limitations, might be critical (Goren et al., 2013, GFCM, 
2016a, GFCM, 2016b). The actual situation of Mediterranean stocks is due to a 
diversity of factors: fleet overcapacity, ineffectiveness of current effort system to 
control fishing mortality, illegal and unreported catches, unselective harvesting, lack of 
coordination between Mediterranean countries, and the continuous non-adherence to the 
scientific advice and inadequacies of existing national management plans (Lleonart, 
2015, Stergiou et al., 2016, Cardinale and Scarcella, 2017). In addition, recreational 
fisheries are playing an important role due to its popularity as a leisure activity in 
coastal areas by inhabitants and the increasing numbers of tourist (Gaudin and De 
Young, 2007, Font and Lloret, 2014).  
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Fig. 7. Percentage of overfished and collapsed stocks (red) and percentage of developing and fully 
exploited (green dots) for the (a) western, (b) central, and (c) eastern Mediterranean Sea. Source: Stergiou 
et al. (2016).  
In addition, the Mediterranean Sea is one of the most severely affected marine 
ecosystems by biological invasions (Galil, 2000, Molnar et al., 2008, Costello et al., 
2010), especially its eastern basin (Fig. 8) (Katsanevakis et al., 2014b, Galil et al., 
2016). The main vectors of biological invasions into the Mediterranean Sea are the Suez 
Canal, shipping (commercial and recreational) aquaculture and aquarium trade 
(Katsanevakis et al., 2013, Galil et al., 2014a). The Suez Canal was opened in 1989 to 
shorten the trade route between the Mediterranean and Indian Ocean. The length of the 
Suez Canal is 162.5 km, and nearly 70 km were excavated through dry land while the 
remainder crosses several lakes. The Red Sea is higher than the Eastern Mediterranean 
Sea, so the canal serves as a tidal strait that pours water from the Red Sea into the 
Mediterranean (Golani, 2010). The Bitter Lakes, which were hypersaline natural lakes 
forming part of the Canal, blocked the migration of many species from the Red Sea into 
the Mediterranean Sea (known as Lessepsian migration) for many decades. However, as 
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the salinity of the lakes gradually equalized with that of the Red Sea, the ability of 
species to spread northwards increased (Hewitt et al., 2006). In addition, the 
construction of the Aswan High Dam across the Nile River in the 1960s reduced the 
inflow of freshwater and nutrient-rich silt from the Nile, making environmental 
conditions between the Eastern Mediterranean Sea and the Red Sea more similar and 
eliminating a barrier (especially during the Nile floods) for larvae of species sensitives 
to low salinities at the northern mouth of the Canal (Hewitt et al., 2006, Rilov and Galil, 
2009).    
 
Fig. 8. Alien-native ratio of fish and invertebrate richness in the coastal areas of the Mediterranean Sea. 
Source: Katsanevakis et al. (2014b). 
Until 1960s, the rate of new introductions followed a steady increase (Fig. 9) (Rilov and 
Galil, 2009, Galil et al., 2014a). However, this rate has been increased in recent 
decades, especially since 1990s, mainly due to the increasing role of the Mediterranean 
as a trade hub, the continued enlargement of the Suez Canal and sea warming (Fig. 9) 
(Raitsos et al., 2010, Galil et al., 2014a). Currently, there are 821 alien macro species 
recorded to date in the Mediterranean Sea (Galil et al., 2014a, Zenetos et al., 2017), of 
which more than half are considered to be established and spreading (Zenetos et al., 
2012), profoundly modifying biodiversity patterns in the Mediterranean Sea 
(Katsanevakis et al., 2014b).  
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Fig. 9. The enlargement of the Suez Canal (cross section, m
2
) and the number of species introduced 
through the Suez Canal (red dots). Source: Galil et al. (2017). 
Although so far there are no recorded basin-wide extinctions of native species in the 
Mediterranean due to these invasions, there are many examples of local extirpations and 
range shifts concurrent with the spread of alien species (Galil, 2007a, Edelist et al., 
2013a, Katsanevakis et al., 2014a). For example, currently the number of Lessepsian 
fishes has exceeded 100 species, which constitutes nearly a quarter of teleost species 
inhabiting the area (Golani, 2010, Zenetos et al., 2012, Fricke et al., 2015). Currently 
they constitute the dominant part of coastal fish in terms of biomass and abundance 
(Edelist et al., 2013a, Goren et al., 2016, Mavruk et al., 2017). Therefore, alien species 
have dramatically altered Mediterranean ecosystems as well as other human activities 
(Golani, 1998, Galil and Goren, 2014, Katsanevakis et al., 2014c, Goren et al., 2016). 
Two species of rabbitfish, Siganus rivulatus and S. luridus, have altered the rocky 
community structure of the rocky infralittoral (Sala et al., 2011, Vergés et al., 2014) 
since the role of native herbivores were negligible. In addition, some alien species pose 
substantial health hazards and have negative impacts on fisheries. For example, the 
invasive pufferfish Lagocephalus sceleratus has a significant impact on the artisanal 
fisheries as often they damages both fishing gear and the catch, and also presents a 
potential risk to humans as it contains tetrodotoxin, which may cause poisoning and 
even death (Nader et al., 2012, Katsanevakis et al., 2014c).   
Global warming is already impacting the Mediterranean Sea, mainly through changes in 
species distributions and mortality events of native species with cold-temperate 
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affinities (Lejeusne et al., 2010, Moullec et al., 2016). Following the sea warming 
registered during the last 30 years (Nykjaer, 2009, Shaltout and Omstedt, 2014), the 
Mediterranean Sea is under a process of “meridionalization” and “tropicalization” of the 
northern and southern sectors, respectively. The term “meridionalization” refers to the 
northward extension of native thermophilic species and the rarefaction of “cold” 
stenothermal species; while the term “tropicalization” refers to the introduction and 
increasing abundance of (sub)tropical species, which is obvious in the south-eastern 
sectors of the basin, through the Suez Canal and the Strait of Gibraltar (Bianchi, 2007, 
Bianchi et al., 2013)  
Moreover, the Mediterranean Sea is predicted to be one of the regions most affected by 
climate change (Giorgi, 2006), with sea surface temperature expected to warm by an 
average of 2.8 °C by 2080-2099 (Somot et al., 2006). Fish assemblages are expected to 
be deeply modified as a result of climate change (Ben Rais Lasram et al., 2010, Albouy 
et al., 2012, Albouy et al., 2013), with potential effects on marine food-webs and 
ecosystem structure (Albouy et al., 2014).  
1.5. Objectives 
Taking into account the above context, the main objective of this thesis was to assess 
the cumulative impacts of alien species, fishing and climate change on the eastern 
Mediterranean Sea, specifically in the Israeli Mediterranean continental shelf 
ecosystem, through the application of an ecosystem modelling approach.  
The specific objectives of this thesis were: 
a) To achieve a general overview about available modelling tools to investigate the 
impacts of alien species in aquatic ecosystem, and critically assess their 
advantages, limitations and challenges;  
b) To characterize the structure and functioning of the marine ecosystem in the 
Israeli Mediterranean continental shelf ecosystem during the early 1990’s and 
2008-2010 developing two ecosystem models; 
c) To assess the past and current impact of alien species and fishing activity in the 
Israeli Mediterranean continental shelf ecosystem using an ecosystem approach; 
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d) To compare the above results with other food-web models developed in several 
areas of the Mediterranean Sea to put the results in a wider basin context; 
e) To explore the historical dynamics of the marine resources of the Israeli 
Mediterranean continental shelf ecosystem considering the impact of alien 
species, fishing and climate change as the main external drivers of the ecosystem 
using a dynamic temporal modeling approach;  
f) To assess potential ecological impacts of future conditions of different stressors 
(first, separately, and, secondly, in a combined way to evaluate their cumulative 
effects) on the Israeli Mediterranean continental shelf ecosystem using a 
dynamic temporal modeling approach;  
g) To acknowledge uncertainty during modelling development and to take into 
account the impact of the lack of information on modelling results.  
The first objective of the thesis was achieved with the development of a systematic 
literature review (Chapter 2.1), which is currently under review in the peer review 
journal Biological Invasions. The second, third and fourth objectives were achieved 
through the development of two food-web ecosystem models representing two time 
periods (1990’s and 2010’s) (Chapter 2.2). This chapter has been published in the peer 
review journal Journal of Marine Systems, 170, 88-102 (2017). The fifth objective was 
achieved by fitting and validating the 1990’s to time series of observations until 2010 
using the temporal dynamic module of the EwE approach (Chapter 2.3). This chapter 
has been published in the peer review journal Marine Ecology Progress Series, 580, 17-
36 (2017). The sixth objective was achieved using the temporal-dynamic calibrated 
model and the development of previously defined scenarios of change. This chapter has 
been published in the peer review journal Scientific Reports, 8 (2018). The seventh 
objective was achieved by using the Monte Carlo routine and the Ecosampler plug-in in 
chapters 2.3 and 2.4. With this work, I participated in the development of the 
Ecosampler plug-in by testing the tool with the Israeli’s case study. This tool has been 
published in the peer review journal SoftwareX, 7, 198-204 (2018) (Annexes of this 
thesis).     
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2.1. Advances and challenges when modelling the 
impacts of invasive alien species 
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Abstract 
Invasive alien species (IAS) have become an important driver of biodiversity change 
and have exerted severe pressure on natural ecosystems. The development of modelling 
approaches to assess and predict their impacts and evaluate management options has 
increased substantially. 
We reviewed these modelling approaches, applied in aquatic ecosystems, using a 
systematic review approach in line with the Preferred Reporting Items for Systematic 
Reviews and Meta-analyses (PRISMA). Multispecies/ecosystem models dominated, 
with dynamic and non-spatial models being the most prevalent. Most of the models 
included an additional human stressor, mainly fisheries, climate change or nutrient 
loading. The impacts on biota focused on predation, but also on competition and 
ecosystem functions, while the impacts on ecosystem services focused on food 
provisions and water purification.   
We reflect on the ability of models to assess different impacts of IAS populations and 
highlight the need to advance their capabilities to predict future impacts.  
Keywords: Invasive alien species; impacts; modelling; marine ecosystems; freshwater 
ecosystems; PRISMA. 
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1. Introduction  
Biological invasions are currently one of the most important drivers of biodiversity 
change and exert severe pressure on terrestrial, freshwater and marine ecosystems, with 
both ecological and economic impacts (Bax et al., 2003, Simberloff et al., 2013, 
Gallardo et al., 2016). Alien species (also known as exotic, introduced, allochthonous, 
non-indigenous or non-native species) are any taxa that are introduced outside their 
natural past or present distribution, including any part, gamete seeds, eggs, or 
propagules that might survive and subsequently reproduce. Invasive alien species (IAS) 
are defined as those alien species whose introduction or spread threaten biological 
diversity (CBD, 2002). Many organisations and states, e.g. the European Union 
(Regulation 1143/2014), include in the definition of IAS not only impacts on 
biodiversity but also on ecosystem services. The impacts of IAS can be detected at any 
biological level, ranging from changes in the genetic diversity of native species to 
species extinction and alterations of an entire ecosystem (Grosholz, 2002, Strayer, 2010, 
Levin and Crooks, 2011), and include impacts on ecosystem services (Pejchar and 
Mooney, 2009, Katsanevakis et al., 2014c).  
Humans have traded and, intentionally or unintentionally, transported alien species for 
millennia, but the rapid globalisation and increases in trade and transport capacity in 
recent decades have accelerated biological invasions, despite growing national and 
international efforts to reduce invasion risk (Hulme, 2009, Katsanevakis et al., 2013, 
Nunes et al., 2015, Seebens et al., 2017). In addition, biological invasions interact with 
other stressors such as climate change, habitat degradation and loss, overexploitation 
and pollution, which compromise the integrity of aquatic ecosystems (Dudgeon et al., 
2006, Halpern et al., 2015a). Because disturbance is generally thought to favour 
invasions, stressed ecosystems may more easily be colonised by alien species 
(Occhipinti-Ambrogi and Savini, 2003, Strayer, 2010). This can explain the 
unprecedented rates of species extinctions and introductions observed in aquatic 
ecosystems (Miller et al., 1989, Byrnes et al., 2007). This, in turn, is leading to a general 
biotic homogenisation (Rahel, 2002, Sala and Knowlton, 2006). Moreover, the impacts 
of IAS are projected to further increase, especially due to climate change (Walther et al., 
2009, Raitsos et al., 2010). 
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There are many examples of large-scale and dramatic effects of IAS in aquatic 
ecosystems. For example, 821 alien species have been recorded to date in the 
Mediterranean Sea, of which more than half are considered established and spreading 
(Galil et al., 2014a, Katsanevakis et al., 2014b, Zenetos et al., 2017). The Mediterranean 
Sea, in fact, is one of the most invaded regions in the world (Molnar et al., 2008, 
Costello et al., 2010) and its ecosystems have been significantly impacted, with declines 
in abundance, modifications of biodiversity patterns and local extirpations concurrent 
with IAS (e.g., Galil, 2007a, Sala et al., 2011, Edelist et al., 2013a, Katsanevakis et al., 
2014b). The Laurentian Great Lakes, in North America, are among the most highly 
invaded freshwater ecosystems in the world with over 180 IAS (Ricciardi, 2006). These 
invasions have altered biodiversity, habitat structure, productivity, water quality, 
contaminant cycling and ecosystem services (Kelly et al., 2009). The introduction of the 
Nile perch (Lates niloticus) in Lake Victoria, located in Africa, to stimulate fisheries 
resulted in a dramatic regime shift, where the very diverse and complex haplochromine-
based ecosystem was replaced by a system dominated by only a few species 
(Goudswaard et al., 2008). 
Studying the impacts of IAS in aquatic ecosystems is a challenge due to: (1) the 
dynamic nature of natural ecosystems; (2) limitations of methodological tools; and (3) a 
general lack of knowledge about IAS and invading processes, which include, among 
others, a time lag between the invasion and the discovery of IAS, errors in species 
inventories and alien status, and uncertainties in field surveys, environmental 
preferences and trophic interactions (potential preys and predators) of IAS in the new 
environment (Crooks, 2005, Azzurro et al., 2016, Katsanevakis and Moustakas, 2018). 
These have all led to great uncertainties in marine invasion science (Katsanevakis and 
Moustakas, 2018). 
However, our growing understanding of aquatic ecosystems and the improvement of 
approaches has allowed the development of new insights into the ecological 
consequences of IAS. Approaches range from documenting invaders and examining 
interactions between invaders and native species to assess the ecological and economic 
impacts of invasion by using a large variety of modelling techniques (Wonham and 
Lewis, 2009). Modelling tools, in fact, can provide a means for increasing 
understanding of processes, drivers and responses of organisms and ecosystems to 
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human pressures; identifying gaps in available knowledge and allowing the 
development of predictions about possible future dynamics.  
The principal aim of this study is to map and review available modelling approaches 
used to evaluate the impacts of IAS in aquatic systems to date. We summarise the main 
features of these applications and analyse their capabilities and limitations. Based on the 
conclusions of this review, we reflect on future directions of development and 
applications of suitable modelling tools.  
2. Methods  
We followed a systematic review approach in line with PRISMA (Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses) (Moher et al., 2010). This approach 
consists of three steps: (1) systematic article selection using a search engine; (2) article 
screening; and (3) a review of relevant articles and extraction of the information.  
We performed the bibliographic search using Elsevier’s Scopus database 
(www.scopus.com). Eligibility criteria included any article, review, or book chapter 
published between 1990 and the cut-off date, 8
th
 February 2017, with the following 
terms in the title, abstract or keywords:  
1. “model” or “modelling” or “modeling”; and  
2. “impact” or “impacts” or “effect” or “effects”; and  
3. “invasive species” or “alien species” or “allochthonous species” or “introduced 
species” or “non-indigenous species” or “non-native species” or "invasion" or 
"exotic"; and  
4. “marine” or “sea” or “coast” or “coastal” or “estuarine” or “bay” or “freshwater” or 
“lake” or “river” or “reservoir” or "lagoon". 
The search was limited to relevant subject areas (Agricultural and Biological Science, 
Environmental Science, Earth and Planetary Sciences and multidisciplinary) and to 
English and Spanish publications. The search resulted in 1306 publications.  
In addition, we manually included relevant papers from other sources that were not 
found in the previous search, which included (1) a bibliographic search (Corrales et al., 
2014) of the Ecopath with Ecosim modelling tool that assessed impacts of IAS (e.g., 
Kitchell et al., 2000, Downing et al., 2012, Kao et al., 2016); (2) papers cited in review 
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papers such as Wonham and Lewis (2009), Thompson et al. (2013) and Piroddi et al. 
(2015b); (3) papers from the personal files of the authors (e.g., Padilla et al., 1996); and 
(4) relevant papers found in selected articles during the third step of the systematic 
review (extraction of the information). With these additional articles, the total number 
of papers increased to 1382 (Fig. S1 in the Annex 1).  
Article screening started with these 1382 articles and consisted of a two-stage process: 
the first screening of articles was based on the title and the abstract, and the second on 
the full article. During this process, articles were excluded if they: (1) did not apply or 
develop a model to evaluate the impact of IAS, or (2) were related only to terrestrial 
habitat/species. After the first selection process, 389 articles (28.3% of the original 
papers) were selected. After the second selection process, 189 articles (see Annex 1 for 
the final list of articles and their full references) were included in the analysis (13.8% of 
the original papers). Species distribution models (SDMs) and studies based on stable 
isotope analysis passed the first screening process but were excluded in the second if 
they did not include, qualitatively or quantitatively, the study of IAS impacts.  
The following information was extracted from each selected article (see Table S1 in 
Annex 1):  
(1) Year of publication;  
(2) Realm of the study (freshwater, estuarine or marine); 
(3) Biogeographic region, based on Olson et al. (2001) (freshwater) and Spalding et al. 
(2007) (marine); 
(3) Ecosystem type (e.g., lake, river, bay); 
(4) Information related to the IAS included in the model: number of IAS, scientific and 
common name/s, type of organism/s (e.g., fish, invertebrates), habitat/s (demersal or 
pelagic) and trophic level/s (TL). The TL concept identifies the position of organisms 
within food webs by identifying the source of energy of each organism, with TL 1 for 
producers and higher values for consumers (Lindeman, 1942). We classified TL as low 
(TL<3), medium (3≤TL≥3.5) and high (TL>3.5) based on outputs from models or 
databases such as FishBase (Froese and Pauly, 2017) and SeaLifeBase (Palomares and 
Pauly, 2017); 
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(5) Information related to the model: modelling level (species or multispecies/ecosystem 
level), type of model (statistical versus mechanistic), model category (e.g., bioenergetics 
and biogeochemical model), data type (time and spatial scales), if other external 
stressors were included (for example, fisheries, climate change and nutrient loading), if 
the model was validated and how it was validated, if uncertainty was evaluated, and if 
the model was used to provide management recommendations; and  
(6) Information related to the impacts of alien species: number and types of impacts on 
ecosystem services (based on the classification by Liquete et al. (2013)) and/or on biota 
(for example, predation, competition and ecosystem processes/function); if the impact 
was positive or negative; and which indicators were used to evaluate the impact 
(number of indicators, type and units).  
To summarise categorical variables and test pair-wise potential dependences, we 
applied a crosstabulation analysis and Chi-square test of independence, using the 
statistical software Statgraphics (Statgraphics-Centurion, 2009).  
3. Results  
3.1.  Temporal development, ecosystem coverage and species included  
Since 1992, there has been an increase in the number of publications of models that 
assessed the impacts of IAS in aquatic ecosystems (Fig. 1a). From 1992 to 2004 the 
average rate of publications was 3.1 papers per year, while from 2005 to 2016 the rate 
increased to 12.2 papers per year. Most papers studied freshwater ecosystems (75%), 
especially lakes, followed by marine (22%) and estuarine (3%) ecosystems (Fig. 1b).  
The studies covered most of the marine and freshwater biogeographic regions (Fig. 2). 
In the freshwater realm, most of the models were developed in the Nearctic 
biogeographic region (75%), followed by the Palearctic (10%) and Afrotropical (8%). 
We did not find studies in the Oceanian and Antarctic biogeographic regions. In the 
marine realm, the Temperate Northern Atlantic (64%), the Tropical Atlantic (11%) and 
the Temperate Northern Pacific (9%) biogeographic regions represented most of the 
studies, while no studies were conducted in the Western and Central Indo-Pacific, 
Tropical Eastern Indo-Pacific, Arctic and Southern Ocean biogeographic regions.   
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Figure 1. (a) Cumulative number of publications over time found in the systematic review (the year 2017 
covers January 1
st
 to 8
th
 February); and (b) number of publications per ecosystem type.  
The studies covered most of the marine and freshwater biogeographic regions (Fig. 2). 
In the freshwater realm, most of the models were developed in the Nearctic 
biogeographic region (75%), followed by the Palearctic (10%) and Afrotropical (8%). 
We did not find studies in the Oceanian and Antarctic biogeographic regions. In the 
marine realm, the Temperate Northern Atlantic (64%), the Tropical Atlantic (11%) and 
the Temperate Northern Pacific (9%) biogeographic regions represented most of the 
studies, while no studies were conducted in the Western and Central Indo-Pacific, 
Tropical Eastern Indo-Pacific, Arctic and Southern Ocean biogeographic regions.   
The IAS modelled included many taxonomic groups (Table 1). In freshwater and 
marine ecosystems, fishes (58 % and 31%, respectively) and molluscs (mainly bivalves) 
(29% and 20%, respectively) were the most frequently studied groups in the selected 
models, while in estuarine ecosystems, zooplankton (50%) and molluscs (31%) were the 
main groups (Table 1). Most of the studies focused on low trophic level species, 
especially in estuarine (71.4% of the species) and freshwater (54.5% of the species) 
ecosystems (Fig. 3a) (Chi-square: p. < 0.005; i.e. trophic level differed significantly 
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between type of environment). Pelagic and demersal species were equally represented 
(Fig 3b).  
Table 1. Number and percentage of IAS found in the selected models per taxonomic group and 
ecosystem type.   
 
Freshwater Marine Estuarine Total 
 
Number % Number % Number % Number % 
Plants 6 2.2 16 9.3 1 7.1 6 5 
Parasites 5 1.8 0 0 0 0 5 1.1 
Phytoplankton 3 1.1 3 1.7 0 0 6 1.3 
Zooplankton 13 4.7 4 2.3 7 50 24 5.2 
Bryozoan 0 0 2 1.2 0 0 2 0.4 
Polychaetes 0 0 9 5.2 0 0 9 1.9 
Barnacles 0 0 3 1.7 0 0 3 0.7 
Molluscs 80 28.9 34 19.7 3 21.4 117 25.2 
Ascidians 0 0 2 1.2 0 0 2 0.4 
Ctenophores 0 0 16 9.3 0 0 16 3.5 
Cnidarians 0 0 7 4.1 0 0 7 1.5 
Shrimps 0 0 12 6.9 1 7.1 13 2.8 
Crabs 3 1.1 11 6.4 0 0 14 3 
Other benthic crustaceans 2 0.7 0 0 0 0 2 0.4 
Fishes 161 58.1 54 31.2 2 14.29 217 46.8 
Birds 4 1.4 0 0 0 0 4 0.9 
Total 277 100 173 100 14 100 464 100 
 
3.2. Overview of the main modelling approaches  
We found a large variety of statistical and mechanistic models used to study the impacts 
of IAS (Table 2). Multispecies/ecosystem level models were more prevalent than 
species/population level models in all ecosystem types (Fig. 4a) (Chi-square: p = 0.1; 
i.e. no significant differences of modelling level among ecosystems). At the 
species/population modelling level, a similar number of studies developed statistical and 
mechanistic models, while at the multispecies/ecosystem level, most studies used 
mechanistic models (Fig. 4b) (Chi-square: p <0.005; i.e. type of model differed by 
modelling level). Of the statistical models reported in this review, we found a similar 
diversity of models at the species/population and multispecies/ecosystem levels (Table 
2). On the contrary, a higher diversity of mechanistic models was found at the 
multispecies/ecosystem level (Table 2).  
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Figure 2. Distribution of the studies included in the systematic review. Different realms (marine and terrestrial biogeographic regions) are 
presented with different colours. Realms were based on Spalding et al. (2007) and Olson et al. (2001). Numbers in brackets indicate the 
total number of studies for each biogeographic region. 
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Figure 3. Number of species included in the models found in the systematic review per (a) trophic level 
(TL) and (b) habitat in each ecosystem type.  
The average number of IAS included in the species/population level models was smaller 
(1.2 ± 0.4 SD) than the average number in multispecies/ecosystem level models (2.9 ± 
6.7 SD) (Fig. 4c). Some species/population level models encompassed two alien species 
but their impacts were assessed together as they played the same ecological role, for 
example, zebra mussels (Dreissena polymorpha and D. rostriformis bugensis) filtering 
phytoplankton (e.g., Cha et al., 2013, Rowe et al., 2015b). 
The temporal and spatial scales over which the models operated varied greatly. We 
found static studies that included a model representing a specific time period, models 
comparing different periods, and dynamic models of all modelling types. Dynamic 
models were most frequently developed, both at the single species and multi-species 
level (Fig. 5a) (Chi-square: p =0.2). Non-spatial models dominated, with model 
comparison between study sites and spatial models being less prevalent (Fig. 5b) (Chi-
square: p =0.5).  
Figure 4
a)
b)
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Figure 4. (a) Number of studies of each modelling level found in the systematic review per ecosystem 
type; (b) number of studies of each type of model per modelling level; and (c) number of IAS included 
per modelling level.  
Since 1992, there has been a progressive increase in the number of models that included 
an additional stressor, especially since 2001. From 1992 to 2001, the average rate of 
publications that included additional stressors aside from IAS was 1.1 papers per year, 
while from 2002 to 2016 the rate increased to 6.3 papers per year (Fig. 6a). Most of the 
multispecies/ecosystem models were driven by additional stressors, while most of 
models at the species level did not incorporate an additional stressor aside from the IAS 
(Fig 6b) (Chi-square: p < 0.005). The most frequently included additional stressors were 
fisheries (45%), followed by nutrient loading (25%) and climate change (through 
changes in water temperature and primary production) (21%) (Fig. 6c). 
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Table 2. Summary table of models found in the systematic review showing the model name, model category, a representative reference and if the modelling approach 
was coupled with other models (yes or not), temporal scale (ST: static; DY: dynamic; CP: comparative between periods), spatial scale (NS: non-spatial; CS: 
comparative between study sites; SP: spatial), if the model included other human stressors as drivers and which ones, and if the uncertainty was evaluated (yes or no).  
  
Model name Model category Representative reference 
Couple
d 
Tempora
l scale 
Spatial 
scale 
Other 
stressor 
Which stressor Uncertainty 
Species/population level 
        
 
Statistic 
        
 
1 ANCOVA Single-species Gribben and Wright (2006) no DY CS no 
 
no 
 
2 
Linear models and structural equation 
modelling 
Single-species Correa and Hendry (2012) no ST CS no 
 
no 
 
3 Multiple regression model Single-species Van Zuiden et al. (2016) no DY NS yes Temperature no 
 
4 Quantile regression models Single-species Crane et al. (2015) no CP NS yes Temperature no 
 
5 Behavioural choice model Single-species Beville et al. (2012) no ST NS yes Fishing no 
 
6 Bayesian hierarchical model Single-species Cha et al. (2013) no CP CS no 
 
yes 
 
7 Poisson model and linear regression model Single-species Ricciardi et al. (1995) no DY CS no 
 
no 
 
8 Generalised linear model (GLM) Single-species Onikura et al. (2013) no ST SP no 
 
no 
 
9 Two-tiered modelling approach Single-species Stapanian et al. (2009)   no DY NS no 
 
no 
 
10 GIS-based spatial model Single-species Woodford et al. (2011) no ST SP no 
 
no 
 
11 Species distribution model Single-species Olden et al. (2011) no DY SP yes 
Recreational users of 
lakes 
no 
 12 Geostatistical model Single-species Rowe et al. (2015b) no DY SP no  yes 
 
Mechanistic 
        
 
13 Von Bertalanffy growth model Single-species Crane and Einhouse (2016) no CP NS no 
 
no 
 
14 Bioeconomic model 
Single-species and 
economic activity 
Liu et al. (2014) no DY NS yes Fishing yes 
 
15 Hedonic price Economic activity 
Olden and Tamayo 
(2014b) 
no ST NS no 
 
no 
 
16 Schaefer model Single-species 
Kateregga and Sterner 
(2009a) 
no DY NS yes Fishing no 
 
17 Individuals-based models Single-species Caldow et al. (2007) no DY NS no 
 
no 
 
18 Stage and age-structured models Single-species Ferguson et al. (2012) no ST NS no 
 
no 
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Multispecies/ecosystem level 
        
 
Statistic 
        
 
19 Linear model Community Bajer et al. (2016) no ST CS no 
 
no 
 
20 Least-squares regression Community Ricciardi (2003) no CP CS no 
 
no 
 
21 Multiple regression model Community Clavero et al. (2013) no ST NS yes Footprint no 
 
22 Hierarchical Bayesian model Community Nilsson et al. (2012) no ST CS no 
 
yes 
 
23 Generalised linear model (GLM) Community De Amorim et al. (2015) no ST CS no 
 
no 
 
24 Generalised additive model (GAM) Community Knapp (2005) no CP CS no 
 
no 
 
25 
Species occupancy models, boosted regression 
trees and linear and logistic regression models 
Community Macdonald et al. (2012) no ST CS no 
 
no 
 
26 Partial least square path model Community Jellyman and Harding (2016) no ST NS no 
 
no 
 
27 MARSS model Community Kratina et al. (2014) no CP CS yes Temperature no 
 
28 Intervention time series model Community Pace et al. (1998) no DY CS no 
 
yes 
 
29 Structural equation modelling Community 
Pagnucco and Ricciardi 
(2015) 
no ST CS no 
 
no 
 
30 Transfer function (TF) models Community Aravena et al. (2009) no DY CS yes 
River discharge and 
temperature 
no 
 
31 Species distribution model Community Wenger et al. (2011) no DY SP yes Temperature no 
 
Mechanistic 
        
 32 Size-structured model Community Green et al. (2014) no DY NS yes Fishing yes 
 
33 Bioenergetic model 
Bioenergetics 
model 
Walrath et al. (2015) no DY NS no 
 
no 
 
34 Age-structured model with bioenergetic model 
Bioenergetics 
model 
Stewart et al. (2010) yes DY NS yes Temperature no 
 
35 
Bioenergetic model coupled with 
phytoplankton growth model 
Bioenergetics 
model 
Reed-Andersen et al. (2000) yes DY NS no 
 
yes 
 
36 
Integrated ecological-economic model for the 
Black Sea anchovy fishery 
Bioeconomic 
model 
Knowler (2005) yes DY NS yes Fishing and nutrients no 
 
37 Integrated economic-biological model 
Bioeconomic 
model 
Settle and Shogren (2002) yes DY NS yes Fishing no 
 
38 Ecological and economic model 
Bioeconomic 
model 
Grosholz et al. (2011) yes DY CS yes Fishing yes 
 
39 Social-ecological model 
Bioeconomic 
model 
Roy et al. (2011) yes DY NS yes 
Temperature and 
nutrient loading 
yes 
 40 Mathematical model of the food web 
Biogeochemical 
model 
Fontaine and Stewart (1992) yes DY NS yes 
Nutrient loading and 
pollution  
no 
 
41 Lake autotrophic model 
Biogeochemical 
model 
Higgins et al. (2014) no DY NS yes Nutrient loading no 
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42 
Bioenergetic model coupled with eutrophication 
model 
Biogeochemical 
model 
Bierman et al. (2005) yes DY SP yes 
Temperature and nutrient 
loading 
yes 
 
43 
Coupled model of bioenergetic-based anchovy 
population dynamics and lower trophic food web 
structure 
Biogeochemical 
model 
Oguz et al. (2008b) yes DY NS yes 
Fishing and nutrient 
loading 
no 
 
44 Reactive-transport model 
Biogeochemical 
model 
Norkko et al. (2012) no DY NS no 
 
no 
 
45 Total phosphorous mass model 
Biogeochemical 
model 
Gudimov et al. (2015) no DY SP yes Nutrient loading yes 
 
46 Simplified lake ecosystem mathematical model 
Biogeochemical 
model 
Magnea et al. (2013) no DY NS yes Nutrient loading no 
 
47 Biophysical  model Biophysical model Rowe et al. (2015a) yes DY SP no 
 
yes 
 
48 
Ecosystem model developed for the Port Phillip 
Bay Environmental Study 
Hydrodynamic-
biogeochemical 
model 
Murray and Parslow 
(1999) 
yes DY SP yes Nutrient loading no 
 
49 Hydrodynamic model 
Hydrodynamic-
biogeochemical 
model 
Macisaac et al. (1999) yes DY SP no 
 
yes 
 
50 ELCOM-CAEDYM 
Hydrodynamic-
biogeochemical 
model 
Schwalb et al. (2014) yes DY SP yes 
Temperature and nutrient 
loading 
yes 
 
51 3D SPBEM 
Hydrodynamic-
biogeochemical 
model 
Isaev et al. (2016) yes DY SP yes 
Temperature and nutrient 
loading 
no 
 
52 Lake Michigan ecosystem model (LM-Eco) 
Hydrodynamic-
biogeochemical 
model 
Miller et al. (2010) yes DY SP yes 
Temperature and nutrient 
loading 
no 
 
53 
Two-dimensional hydrodynamic and water quality 
model (CE-QUAL-W2) 
Hydrodynamic-
biogeochemical 
model 
Zhang et al. (2011) yes DY SP yes Nutrient loading no 
 
54 
2-dimensional physical and biological/reactive-
transport model 
Hydrodynamic-
biogeochemical 
model 
Laruelle et al. (2009) yes DY SP yes Nutrient loading no 
 
55 PEGASE with POTAMON model 
Hydrodynamic-
biogeochemical 
model 
Pigneur et al. (2014) yes DY SP yes 
Temperature, nutrient 
loading and 
hydrodynamic 
no 
 
56 
Dynamic ecosystem model of the lower trophic 
levels 
Hydrodynamic-
biogeochemical 
model 
Fishman et al. (2009) yes DY SP yes 
Temperature and nutrient 
loading 
no 
 
57 Ecological model BIOGEN 
Hydrodynamic-
biogeochemical 
model 
Lancelot et al. (2002) yes DY SP yes 
Temperature and nutrient 
loading 
yes 
 
58 Dynamic water quality model 
Hydrodynamic-
biogeochemical 
model 
Glaser et al. (2009) yes DY SP yes Nutrient loading no 
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59 
One-dimensional physical-biological ecosystem 
model 
Hydrodynamic-
biogeochemical model 
Oguz et al. (2001) yes DY SP yes Nutrient loading no 
60 Ecological-mathematical model 
Hydrodynamic-
biogeochemical model 
Volovik et al. (1995) no DY SP yes Temperature no 
61 CIMPAL 
Conservative additive 
model 
Katsanevakis et al. 
(2016) 
no ST SP no   
62 DPSER 
Conceptual integrated 
model 
Cook et al. (2014) no ST NS yes 
Fisheries and 
temperature 
 
63 
Loop models of ecological and socio-economic 
systems 
Qualitative model Ortiz and Stotz (2007) no DY NS yes Fisheries  
64 Mathematical model of trophic interactions Food-web model Padilla et al. (1996)   no DY CS no 
 
yes 
65 Pelagic food web Food-web model Amundsen et al. (2013) no CP NS no 
 
no 
66 
Intermediate complexity for ecosystem 
assessments (MICE) 
Food-web model Blamey et al. (2014) no DY NS yes Fishing yes 
67 Ecological Network Analysis Food-web model Miehls et al. (2009) no CP CS no  no 
68 Ecopath with Ecosim (static) Food-web model Downing et al. (2012) no CP NS yes Fishing no 
69 Ecopath with Ecosim (dynamic) Food-web model Kao et al. (2014b) no DY NS yes 
Fisheries and nutrient 
loading 
no 
70 Atlantis End to end model Nyamweya et al. (2016) no DY SP yes 
Fisheries, nutrient 
loading and temperature 
no 
          
 
 
 
Chapter 2.1 
 
45 
 
Figure 5. (a) Number of studies found in the systematic review by temporal and (b) spatial scale per 
modelling level.  
Most studies (70%) did not evaluate uncertainty, with a similar percentage in 
species/population and multispecies/ecosystem models (Fig. 7) (Chi-square: p = 0.5). 
For models that assessed uncertainty we found studies that manually changed different 
input parameters using literature ranges (e.g., Jiang et al., 2015), estimated a degree of 
increase or decrease based on expected changes (Johnson et al., 2005, Van Guilder and 
Seefelt, 2013), assessed effects of different initial IAS biomass values (Zhang et al., 
2008, Schwalb et al., 2014) or used Monte Carlo routines (Yurista and Schulz, 1995, 
Cha et al., 2011).  
3.3. Modelling impacts of IAS  
3.3.1. At the species/population level  
Several statistical models that focused on the species/population level were used to 
assess the impact of IAS (Table 2). For example, Onikura et al. (2013) used a 
generalised linear model to predict potential inter-sub-specific hybridisation and to 
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identify important areas of conservation. To evaluate the impact of competition for 
resource, Van Zuiden et al. (2016) used multiple regression models to assess the impact 
of smallmouth bass (Micropterus dolomeiu) and climate change on native walleye 
(Sander vitreus). Olden et al. (2011) used a SDM to assess impacts of invasive rusty 
crayfish (Orconectes rusticus) on two native congeners (O. virilis and O propinquus), 
while Woodford et al. (2011) used a GIS-based spatial model to predict whether two 
invasive trout species (Salmo trutta and Oncorhynchus mykis) would exclude the native 
Galaxias vulgaris due to predation.  
 
 
Figure 6. (a) Number of models that were driven by additional stressors found in the systematic review; 
(b) cumulative number of models that included other stressors over time; and (c) number of models that 
include each stressor.  
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Figure 7. Number of studies found in the systematic review that evaluated uncertainty.  
In addition, a variety of mechanistic models were used to assess the impact of IAS at the 
species level. For example, Liu et al. (2014) developed a bioeconomic model to capture 
the effects of invasive farmed fish on native stocks (growth and stock size) and harvest. 
Caldow et al. (2007) developed an individual-based model to evaluate the positive 
effects of the Manila clam (Tapes philippinarum) on the Eurasian oystercatcher 
(Haematopus ostralegus), providing more food and therefore reducing their winter 
mortality.  
3.3.2. At the multispecies/ecosystem level  
A large variety of statistical models that focused on the multispecies/ecosystem level 
were used to assess the impact of IAS (Table 2). For example, Bajer et al. (2016) fitted 
multivariate linear models to quantify the effects of the common carp (Cyprinus carpio) 
on plant cover and species richness, as well as additional effects of water quality and 
total phosphorous. De Amorim et al. (2015) assessed the impacts of the invasive 
African signalgrass (Urochloa arrecta) on a macrophyte community using a generalised 
linear model, while Knapp (2005) used a generalised additive model to assess the 
effects of invasive trout and habitat characteristics on lentic herpetofauna. Wenger et al. 
(2011) assessed the effect of flow regime, temperature and biotic interactions on the 
distribution of four trout species (of which three were IAS) under climate change using 
a SDM.  
A large variety of mechanistic models were used to assess the impact of IAS at the 
multispecies/ecosystem level (Table 2). Within these model types, approaches ranged 
from simple to more complex, including coupled models, where models were integrated 
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(with or without dynamic feedbacks) and outputs of one model provided inputs to the 
other (Travers et al., 2007). 
A common method for assessing the impacts of IAS at the multispecies/ecosystem level 
was the development of bioenergetics models. For example, Walrath et al. (2015) used a 
bioenergetics model to estimate predation of the northern Pike (Esox lucius) on 
westslope cutthroat trout (Oncorhynchus clarkia lewisi) and other prey taxa. Reed-
Andersen et al. (2000) coupled a zebra mussel bioenergetics model with an empirical 
phytoplankton growth model to predict the impacts of zebra mussels on water clarity.  
Some ecological models were coupled with economic models. For example, Knowler 
(2005) assessed the economic consequences of the comb jelly (Mnemiopsis leidy) on the 
Black Sea anchovy (Engraulis encrasicolus) fishery using an integrated ecological-
economic approach. This model combined a Ricker stock-recruitment model of the 
anchovy population with a balance model of Mnemiopsis biomass and an economic 
model. Grosholz et al. (2011) assessed the economic impacts of the invasive European 
green crab (Carcinus maenas) on commercial shell-fisheries along the West Coast of 
the United States using a combination of ecological and economic models.  
Biochemical models, which were mainly developed to represent chemical fluxes 
(mainly nitrogen and phosphorus) affecting low trophic level groups (e.g. phytoplankton 
and zooplankton), were also used to assess impacts of IAS. For example, Magnea et al. 
(2013) developed a dynamic model for alpine lake ecosystems to describe phosphorous 
(the limiting nutrient), phytoplankton, three zooplankton compartments and fish. 
Bierman et al. (2005) used an ecosystem model in Saginaw Bay (Lake Huron, US) in 
which zebra mussel bioenergetics were integrated with an eutrophication model that 
represented nutrients and multiple functional groups of phytoplankton and zooplankton.   
The coupling of biogeochemical models with hydrodynamic models allowed the 
inclusion of spatial and temporal variability of the environment, mainly represented by 
variables such as temperature, irradiance, salinity and currents. For example, Schwalb et 
al. (2014) and Bocaniov et al. (2014) used a three-dimensional (3D) hydrodynamic 
model (ELCOM) coupled with a biogeochemical model (CAEDYM). The CAEDYM 
included a mussel sub-model that allowed the authors to assess impacts of invasive 
dreissenids on phytoplankton. Isaev et al. (2016) used a 3D ecosystem model (SPBEM), 
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that coupled a transport module with a biogeochemical module, to assess the impact of 
bioirrigation activity of the invasive alien polychaetes Marenzelleria spp. in the Gulf of 
Finland. In addition, Zhang et al. (2011) used a coupled 2D-hydrodynamic model and a 
water quality model (CE-QUAL-W2) to evaluate effects of dreissenids and zooplankton 
on phytoplankton in Lake Erie, USA.  
Food-web models, which represent a description of species interactions within the 
ecosystem, were also frequently used. These models ranged from those that included 
only some species or functional groups to the inclusion of the entire food web. For 
example, Blamey et al. (2014) used a Model of Intermediate Complexity for Ecosystem 
assessments (MICE) (also called Minimally Realistic Model or MRM), to evaluate if 
overfishing of predatory fish may have caused a regime shift following the invasion of 
West Coast rock lobster (Jasus lalandii). Miehls et al. (2009) used an Ecological 
Network Analysis (ENA) to assess the effects of zebra mussel within and between two 
invaded ecosystems and compare food web characteristics before and after the invasion. 
In addition, the Ecopath with Ecosim (EwE) approach (Christensen and Walters, 2004a, 
Heymans et al., 2016) was frequently used to assess impacts of IAS. For example, 
Lercari and Bergamino (2011) quantified the impacts of two IAS (the gastropod, 
Rapana venosa, and the bivalve, Corbicula fluminea) in Río de la Plata estuary 
(Argentina and Uruguay) during a specific time period by developing an Ecopath 
model, while Downing et al. (2012) assessed impacts of IAS and fishing in Lake 
Victoria through three Ecopath models representing the before, during and after periods 
of the Nile perch bloom. In addition, Kao et al. (2014b) developed a time dynamic 
(Ecosim) model to evaluate relative impacts of changes in nutrient loads, fishing and 
two invasive groups (dreissenids and the alewife Alosa pseudoharengus).  
Other types of models were employed to assess impacts of IAS. For example, Cook et 
al. (2014) used an integrated conceptual ecosystem model (Driver-Pressure-State-
Ecosystem Service-Response or DPSER) to explore the direct and indirect relative 
impact of 12 ecosystem pressures on 11 ecosystem state variables and 11 ecosystem 
services in southern Florida. Ortiz and Stotz (2007) used qualitative (loop) models of 
ecological and socio-economic systems to analyse and predict the impact of a possible 
accidental introduction of the abalone (Haliotis discuss hannai) into the benthic 
community of north-central Chile. A conservative additive model was developed to 
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assess the spatial cumulative impacts of IAS on marine habitats in the Mediterranean 
Sea (Katsanevakis et al., 2016). 
Finally, there has been a growing interest in recent years to develop models that attempt 
to represent the entire ecosystem. These models are called end-to-end (E2E) or whole-
of-system models and represent ecosystem components from nutrients, biogeochemical 
cycling and primary producers to top predators (including human components) linked 
through trophic interactions and the associated abiotic environment (e.g., currents and 
water column properties such as temperature and salinity) (Travers et al., 2007, Fulton, 
2010). However, only one example of end-to-end models dealing with IAS was found. 
Nyamweya et al. (2016) developed an Atlantis model for Lake Victoria to assess 
impacts of overfishing, IAS such as Nile perch and Nile tilapia (Oreochromis niloticus), 
eutrophication and climate change.  
3.4. Predicted impacts of IAS at species and ecosystem levels and the utility of 
models in impact management  
Quantified impacts of IAS varied according to the type of model used (Fig. 8). 
Interestingly, at the species/population level, most of the studies reported negative 
impacts of the IAS on ecosystem compartments and/or ecosystem services, while at the 
multispecies/ecosystem level, negative and both negative and positive impacts were 
similarly represented (Fig. 8a) (Chi-square: p < 0.005). We found only a limited number 
of cases of only positive impacts in the results of both single species and multispecies 
models (Fig. 8a).  
Most studies reported impacts on biota rather than on ecosystem services, and on 
multiple-species than single-species (Fig. 8b and c). Most of these impacts (single and 
multispecies) were due to ecological interactions involving predation and/or 
competition for resources. In addition, some models were used to assess impacts on 
ecosystem processes and function (Fig. 8b) such as biodiversity, biogeochemical fluxes, 
energy flows and ecosystem stability, and impacts on other ecosystem services (Fig. 
8c). Water purification (39%) and food provision (from fisheries or aquaculture) (36%) 
were the most assessed ecosystem services, followed by recreation and tourism (for 
example, recreational fisheries) (15.8%) (Fig. 8c).  
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Most of the studies (around 90%) did not provide management recommendations, 
regardless of modelling level (Fig. 9a) (Chi-square: p = 0.6) or type of environment 
(Fig. 9b) (Chi-square: p = 0.7). In studies that provided management recommendations, 
these were too general, although some studies provided specific management advice 
(Online Supplementary Information B). For example, Stapp and Hayward (2002), based 
on a stage-structured matrix model, suggested the development of control programs to 
reduce survival of all age classes of lake trout (Salvelinus namaycush) in addition to 
focusing on adults. Using an EwE model, Arias-González et al. (2011) and Pine et al. 
(2007) assessed, through different scenarios of fishing exploitation, how to eradicate 
invasive alien top predators.  
 
Figure 8. (a) Number of studies that assessed negative, positive or both negative and positive impacts; 
and overview of the number of studies that reported impacts on (b) biota and (c) ecosystem services.  
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Figure 9. Number of studies whose outputs have been used to provide management recommendations by 
(a) modelling level and (b) environment.  
4. Discussion  
4.1.  Making progress in modelling impacts of IAS on aquatic ecosystems 
In recent decades, the rate of human-mediated introductions have increased (Hulme, 
2009, Seebens et al., 2017) and some have had great impact on native species and 
recipient ecosystems and their services (Simberloff et al., 2013, Gallardo et al., 2016). 
In parallel, considerable research has been conducted to understand and predict 
invasions and assess their ecological impacts (Ricciardi et al., 2013, Chan and Briski, 
2017), highlighting the growing concern over this issue. Therefore, evaluating IAS 
impacts is essential to developing strategies to prevent and manage their effects (Pyšek 
and Richardson, 2010, Ojaveer et al., 2015). 
According to our results, while there has been an exponential growth of modelling 
approaches, this growth has not been consistent across ecosystem and biogeographic 
regions. Most of the studies were concentrated in freshwater ecosystems, followed by 
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marine and estuarine ecosystems. This is in line with a review of hypotheses for causes 
of biological invasions and their impacts, which showed that most studies were carried 
out in terrestrial ecosystems, followed by freshwater, marine and estuarine ecosystems 
(Lowry et al., 2013). 
 The results of our review highlight geographic differences in IAS modelling efforts. 
While models have been developed for most biogeographic regions (freshwater and 
marine realms) they have mainly focused on particular areas, namely North America but 
also Europe, in agreement with Lowry et al. (2013), Pyšek et al. (2008) and Buchadas et 
al. (2017). This geographic distribution of models can be largely explained by different 
funding opportunities for research and research priorities across countries, although 
there may have been some bias in our findings due to the exclusion of non-English and 
non-Spanish publications in our review.     
According to our results, most available studies focused on species occupying low 
trophic levels. Lowry et al. (2013) and Pyšek et al. (2008) also found that most of the 
research on biological invasions focused on low trophic levels. However, in their 
reviews most of the species were primary producers (mainly terrestrial plants), while 
most of the species we identified were fishes and molluscs (mainly bivalves). It is likely 
that this taxonomic composition indicates research priorities over the last few decades 
and, in some regions, also reflects the proportion of IAS in the studied ecosystems. In 
fact, impacts have been described for a small proportion of IAS, which tend to be those 
with the greatest impact on organisms and ecosystems and their services (Vilà et al., 
2009, Pyšek and Richardson, 2010). For example, dreissenids (freshwater mussels) have 
been largely studied and modelled due to their wide distribution and dramatic ecological 
and economic impacts, especially in North America (Pyšek et al., 2008, Higgins and 
Vander Zanden, 2010).  
Most models were used to assess the detrimental effects of IAS (Pyšek et al., 2008, 
Katsanevakis et al., 2014c). However, IAS can have positive effects on native species 
and ecosystems, as well (e.g., Caldow et al., 2007, Norkko et al., 2012). This is 
highlighted in multispecies/ecosystem level models, which incorporate interactions 
among many species, and therefore indirect effects that can cause both positive and 
negative impacts. Most of these impacts are related to the effect of an invasive alien 
predator on native preys, but research has also focused on competition for resources and 
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ecosystem processes and function. In fact, effects of invasive alien prey on native 
predators have been less studied (Carlsson et al., 2009), and according to the trophic 
position hypothesis, we could expect negative impacts of IAS on biodiversity within a 
trophic level but positive effects on the biodiversity of higher trophic levels through 
community-wide antagonism (competition and consumption) and facilitation (habitat 
and food provisioning) interactions, respectively (Thomsen et al., 2014).  
Ecological processes operate at different spatial and temporal scales, and thus the choice 
of scales is very important (Jørgensen and Fath, 2011). These choices affect model 
complexity, as finer temporal and spatial resolution need more detailed data and require 
increased computation power and effort, while exacerbating uncertainty (Rose et al., 
2010, Plagányi et al., 2014). Therefore, the spatial and temporal scales should be 
modelled to the degree required to address the question under consideration (FAO, 
2008, Fulton, 2010). In the context of modelling the impacts of IAS in aquatic 
ecosystems, suitable modelling frameworks need to allow the incorporation of several 
IAS with different ecological and trophic roles and, therefore, with different temporal 
and spatial requirements, especially in highly invaded areas. Connecting these parts of 
the model or even “sub-models” is a challenging task (Rose et al., 2010).  
According to our review, dynamic models were the most frequently developed, 
followed by static and comparative static models. This is probably due to the fact that 
assessing the impact of IAS in aquatic ecosystems is a complex undertaking, which is 
time dependent. It may also be due to the need for tools to manage aquatic ecosystems 
(Cuddington et al., 2013, Buchadas et al., 2017). Model comparison between periods 
provides a means of assessing the impact over time. This modelling technique presents 
some advantages over developing a single static model, especially if comparison 
includes models before and after invasion, as it allows the assessment of the overall 
impact of IAS on the invaded ecosystem. Non-spatial models were more frequent than 
spatial ones. This is due to the challenges of spatial modelling and the large data 
requirements (Fulton et al., 2004b, Jørgensen, 2008). In non-spatial models, 
comparisons between invaded and non-invaded areas are interesting and have provided 
insights into the impacts of IAS (e.g., Rowe, 2007, Blamey et al., 2013).  
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4.2. Advantages and disadvantages of existing modelling approaches  
A desirable model is one that maximizes generality (the applicability of a model to 
different ecosystems, data sets and questions), realism (the model includes detailed 
processes through mathematical equations) and precision (the degree of exactness in 
measurement or predictions) (Levins, 1966). However, in practice, modelling is 
essentially a trade-off among these desirable attributes (Levins, 1966). A main 
difference between statistical and mechanistic models is related to their internal 
structure. In mechanistic models, the relationship between the variables is specified in 
terms of the biological process, while statistical models look for patterns and 
relationships in the observed data, regardless of the causative processes involved 
(Hilborn and Mangel, 1997, Robson, 2014b).  
Statistical and single-species models offer a simplistic view of the ecosystem, ignoring 
processes and interactions, but they are easily constructed and can highlight ecosystem 
characteristics. Large complex models, on the other hand, can provide a more 
comprehensive picture of the ecosystem but they have large data demands, can 
represent processes poorly and can have a large degree of uncertainty due to errors in 
model structure and parameter values (Fulton et al., 2003, Link et al., 2012, Gal et al., 
2014). Therefore, it has been recommended to include essential processes and 
components in a balanced way to address the question under consideration while 
capturing the complexity of aquatic systems (FAO, 2008, Hannon and Ruth, 2014).  
Statistical models have been widely used to study the impacts of IAS in aquatic 
ecosystems. These models have been shown to be useful to assess impacts of IAS on 
native species (e.g., Stapanian et al., 2009, De Amorim et al., 2015) and also to predict 
potential spatial exclusion (e.g., Sharma et al., 2011, Wenger et al., 2011). In addition, 
they are used to disentangle the relative importance of IAS and other stressors in native 
species declines (e.g., Light and Marchetti, 2007, Hermoso et al., 2011, Bajer et al., 
2016), as well as changes in abiotic factors such as dissolved oxygen, pH, turbidity, 
temperature, conductivity, river width, calcium concentration and substrate (e.g., 
Macdonald et al., 2012, Pagnucco and Ricciardi, 2015). Such analyses can improve our 
understanding of broad patterns in biodiversity changes and provide insight into 
processes that may be responsible for the patterns observed in the data (Whipple et al., 
2000, Light and Marchetti, 2007). However, statistical models incorporate low levels of 
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realism as they treat the data largely ignoring the ecological processes that generate 
them (Levins, 1966, Jørgensen and Fath, 2011). 
A large number of mechanistic models have been used to study the impacts of IAS, 
ranging from simple to very complex. At the species level, models assess impacts of 
IAS on populations. These impacts include effects on growth (Liu et al., 2014, Crane 
and Einhouse, 2016), catchability (Kateregga and Sterner, 2009b), mortality (Caldow et 
al., 2007), predation (Green et al., 2014, Rowe et al., 2015b) and competition (Liu et al., 
2014), as well as economic impacts on property values (Olden and Tamayo, 2014a) and 
fisheries (Liu et al., 2014). However, aquatic ecosystems are dynamic and complex, 
with interactions between species (trophic and non-trophic), which generally involve 
competition and predation, and should incorporate environmental elements and human 
stressors (Garcia et al., 2003, Thoms, 2006). An understanding of the functional 
interactions and processes in aquatic ecosystems, as well as the cumulative impacts of 
human activities, requires a shift to more comprehensive analysis, as is emphasized by 
ecosystem-based management (Rosenberg and McLeod, 2005). 
Most of the mechanistic models at the multispecies/ecosystem level that we found were 
quantitative, with only one qualitative model (loop analysis) found applied to the study 
of the impacts of IAS on aquatic ecosystems (Ortiz and Stotz, 2007). Within the context 
of modelling impacts of IAS, with data limitations in many cases, loop analysis could 
become a valuable tool (Metcalf, 2010), as precise model predictions and estimates of 
the magnitude of the impacts are not always necessary to inform management questions 
(Ramsey and Veltman, 2005).  
The development and application of bioenergetics models have increased in recent years 
(Chipps and Wahl, 2008, Hartman and Kitchell, 2008) due to their user-friendly 
software, reasonable time and effort to develop, ease of interpretation and ability to 
make predictions (Chipps and Wahl, 2008, Jørgensen, 2008). In invasion ecology, these 
models are particularly useful because they provide a means of evaluating the trophic 
impacts (amount of prey eaten) of IAS and assessing the suitability of an ecosystem for 
invasion considering their energy requirements and food availability (e.g., Anderson et 
al., 2015, Foley et al., 2017). However, the use of these models presents some 
disadvantages, including the requirement of good data, associated with intense 
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sampling, and they can be difficult to calibrate (Chipps and Wahl, 2008, Hartman and 
Kitchell, 2008, Jørgensen, 2008) 
Biogeochemical models (which may or may not be coupled with hydrodynamic models) 
have been widely used over the last few decades as a research and management tool due 
to the increasing power of computers, the development of more robust and detailed 
processes and increasing data availability, and user-friendly software (Jørgensen, 2008, 
Fulton, 2010, Ganju et al., 2016). Coupling biogeochemical models with hydrodynamic 
models represented an important and necessary step, and considerable progress has been 
made in the spatial resolution of the hydrodynamic models (Ganju et al., 2016). In 
invasion ecology, these models (coupled or not) have proved to be a useful tool to 
assess: (1) the role of top-down (grazing by native species, i.e. zooplankton, and IAS, 
i.e. dreissenids) and bottom-up (nutrient availability) forces on primary productivity and 
changes to energy pathways due to IAS (Higgins et al., 2014), (2) the competition 
between native and invasive alien grazers (Zhang et al., 2011), (3) the role of IAS (i.e. 
dreissenids) on nutrient (i.e. phosphorous) and native community (i.e. macrophytes) 
dynamics (Gudimov et al., 2015), (4) the role of IAS in the proliferation of toxic algae 
blooms (Bierman et al., 2005), and (5) the role of IAS in the recovery of hypoxic 
regions due to the impacts of bioirrigation on biogeochemical cycles within sediments 
(Norkko et al., 2012). Despite these advantages, hydrodynamic-biogeochemical models 
are very time consuming, and can be difficult to calibrate and validate due to the large 
amount of data and processes (Fulton et al., 2003, Arhonditsis and Brett, 2004, 
Jørgensen and Fath, 2011). In addition, some key processes are excluded or are 
represented with a weak mechanistic basis (Doney, 1999, Robson, 2014a, Ganju et al., 
2016). 
The study of food webs presents important challenges due to data availability, 
quantification of interactions and the need to represent ecosystem processes and 
dynamics (Dunne, 2006). Food-web models have also been increasingly used over the 
last few decades, and one example is the wide application of the Ecopath with Ecosim 
(EwE) approach (Heymans et al., 2014, Colléter et al., 2015). Assessing the impacts of 
IAS in a food web context is a challenging task. For example, within the EwE 
framework, all species must have a positive biomass in the baseline static Ecopath 
model when using the temporal dynamic module Ecosim, presenting a challenge for 
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species that invaded the ecosystem after the baseline Ecopath model. Some applications 
have addressed this by developing two Ecopath models, one representing the food web 
before the invasion and one after the invasion (e.g., Downing et al., 2012, Corrales et 
al., 2017b). However, this approach impedes the study of the expansion process and 
their impact over time. Several strategies have been successfully applied to simulate 
IAS and their temporal impacts using the temporal dynamic model of EwE, Ecosim 
(e.g., Langseth et al., 2012, Kao et al., 2016, Corrales et al., 2017a). In addition, Ecosim 
has been used to evaluate the eradication and resilience of IAS and the potential effects 
of its removal on the ecosystem (e.g., Pine et al., 2007, Arias-González et al., 2011), as 
well as the possible impacts that a new IAS might have on the ecosystem (Pinnegar et 
al., 2014), and their possible future cumulative effect with fishing and climate change 
(Libralato et al., 2015). At the same time, there has been a growing interest in MICE 
(Plagányi et al., 2014), which, unlike whole food-web models (e.g., EwE), represents a 
limited number of species believed to have the most important interactions with target 
species. MICE can be an especially valuable tool for areas where available data for the 
whole ecosystem are lacking. 
Despite the growing development of a variety of end-to-end models in aquatic 
ecosystems (Fulton, 2010, Rose et al., 2010), we only found one study using end-to-end 
modelling (within the Atlantis framework (Fulton et al., 2004a)) to study impacts of 
IAS on aquatic ecosystems. This may reflect the current challenges of implementing 
end-to-end modelling within the context of invasion ecology.  
4.3. Moving forward 
Some of the main limitations in model development are data availability, accessibility 
and quality. Due to uncertainties in field surveys (Katsanevakis et al., 2012), effective 
monitoring is needed, as it provides essential information to develop modelling 
applications. Within the context of IAS, there is an urgent need to deal with 
uncertainties in alien status and IAS inventories (McGeoch et al., 2012, Katsanevakis 
and Moustakas, 2018). We need to improve our knowledge of their population 
dynamics, biological traits, ecology, such as trophism and behaviour, and environmental 
affinities. This is especially important due to the fact that climate change may favour the 
establishment and spread of IAS while native species may be forced out of their 
tolerance limits (Walther et al., 2009, Rilov, 2016). The improvement of data 
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availability and better collaboration between data collectors and modellers is needed to 
enhance model development and validation and the interpretation of model outputs. 
Calibration, validation and uncertainty analyses are critical processes for evaluating 
model performance and testing the validity of the assumptions included in the model, 
especially in complex models (FAO, 2008, Jørgensen and Fath, 2011, Grüss et al., 
2017). Our review highlights that most models used to evaluate impacts of IAS on 
aquatic systems did not assess uncertainties, in line with previous research 
(Katsanevakis and Moustakas, 2018, Stelzenmüller et al., 2018). This is an important 
shortcoming that needs further research and development in the field.  
We have shown the capabilities of models to assess the impacts of already established 
IAS. However, since IAS are increasing in aquatic ecosystems and this increase is likely 
to continue into the future, there is a need for predictive methodologies that allow the 
forecasting of plausible scenarios that include existing, emerging and potential new IAS 
(Dick et al., 2014). However, making predictions about future impacts of IAS presents 
several obstacles linked to the high uncertainties of ecological forecasting (Maris et al., 
2017), in addition to intrinsic features of IAS (Havel et al., 2015), especially related to 
the unknown population dynamics in current and future invaded ecosystems. Predicting 
potentially new IAS and their impact on the invaded ecosystem is a challenging task. 
The invasion process includes the phases of arrival, establishment and naturalisation 
and, therefore, depends on the combination of dynamic interspecific relationships (with 
native species or even other IAS), habitats, environmental effects and other 
anthropogenic activities. A modelling approach dealing with these phases is needed, and 
could require the coupling of different models that are able to predict the probability of 
a species to arrive and, once it invades the ecosystem, to model species interactions and 
the effect of multiple environmental factors and human activities. 
Several tools are available to predict potential IAS and their spread (Kolar and Lodge, 
2001, Wonham and Lewis, 2009), such as risk assessments (Kolar and Lodge, 2002, 
Townhill et al., 2017), vector-based models (Seebens et al., 2016), species distribution 
models (SDMs) (Jiménez-Valverde et al., 2011, Larson et al., 2014), or studies that 
identify characteristics of species likely to invade, such as environmental affinity and 
ecological traits (Belmaker et al., 2013). Within this context, Romanuk et al. (2009) 
simulated invasions by integrating models of network structure and nonlinear 
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population dynamics. In addition, SDMs are increasingly used to forecast potential 
distributions of species, although the climate niche could be different between the native 
and invaded ecosystem (Mainali et al., 2015, Parravicini et al., 2015) and despite 
dispersal limitations (Václavík and Meentemeyer, 2009). Current research of SDM is 
focusing on incorporating the effects of species interactions (Wisz et al., 2013, Albouy 
et al., 2014). Within this context, the new habitat capacity model and the spatial-
temporal module of EwE, Ecospace (Steenbeek et al., 2013, Christensen et al., 2014b), 
provides a step forward for temporal-spatial modelling, as it combines food-web 
modelling with SDMs and could be a valuable tool for predicting the future spread of 
IAS.   
Future scenarios of biological invasions are rarely developed due to the challenges of 
invasion biology (Courchamp et al., 2017). Despite these constraints, there have been 
attempts to predict impacts of already established IAS, particularly in aquatic 
ecosystems (Ricciardi, 2003) but also on marine ecosystems (Corrales et al., 2018). For 
example, Pinnegar et al. (2014) used a Rank Proportion Algorithm (RPA) (Link, 2004) 
to predict the diet composition of a potential new IAS based on its diet on an already 
invaded ecosystem (the Eastern Mediterranean Sea). The authors of this study then used 
this new diet as input to an EwE model representing an ecosystem of the Western 
Mediterranean Sea. Finally, Pinnegar et al. (2014) used the EwE model to assess 
possible impacts of the IAS on the new ecosystem assuming different expansion rates. 
In fact, the RPA model, or similar approaches, could be a valuable tool to predict diet 
composition for recent or even possible future invaders. The incorporation of RPA or 
related methods into ecosystem models could be a promising future development to 
enable the inclusion of IAS in future scenarios of global change.  
Models, especially multi-species/ecosystem models, have become an essential decision-
making tool, although they are generally not used to manage ecosystems (Collie et al., 
2014). Within IAS management, models are rarely used to provide management 
recommendations. A possible reason is that there is a mismatch between research 
outputs and decision-makers priorities (N’Guyen et al., 2016, Piria et al., 2017). While 
researcher outputs have been focused on IAS impacts, decision-makers prioritize IAS 
prevention. In fact, prevention of new introductions through managing vectors and 
pathways is a priority in the development of effective policies (CBD, 2002) and as such, 
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risk assessment has been widely used in IAS management (Pyšek and Richardson, 
2010). Future collaboration between researchers, decision-makers and other 
stakeholders is essential to move this aspect forward and promote the use of modelling 
techniques for management advice in the context of biological invasions (N’Guyen et 
al., 2016, Novoa et al., 2018). 
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Abstract 
The ecosystems of the Israeli Mediterranean coast have undergone significant changes 
in recent decades mainly due to species invasions and fishing. In order to characterize 
the structure and functioning of the marine continental shelf of the Israeli Mediterranean 
coast and assess temporal changes, we developed a food web model representing two 
time periods: 1990-1994 and 2008-2012.  
The 1990-1994 and 2008-2012 food web models were composed of 39 and 41 
functional groups, respectively. Functional groups ranged from primary producers to top 
predators, and included six and eight alien functional groups, respectively, 
encompassing several crustacean and fish species. Input data included local surveys and 
fishery statistics, published data on stomach content analyses, and the application of 
empirical equations to estimate consumption and production rates. 
Results of the competitive interactions between alien and native species and changes in 
trophic flows between food web components highlight the increasing impact of alien 
species over time. Fishing had noticeable impacts in both time periods and played an 
important role in the ecosystem. Despite different productivity rates and other 
environmental differences, the Israeli marine ecosystem shared common structural and 
functional traits with other Mediterranean marine ecosystems. This is the first attempt to 
study the ecosystem of the Levant region using mass-balance models and to integrate 
such a large amount of alien species into food web analyses.  
Keywords: Eastern Mediterranean Sea; food web; Ecopath model; alien species; 
fishing. 
 
 
 
 
 
 
Chapter 2.2 
 
65 
1. Introduction 
Biological invasions are currently considered as one of the most important direct drivers 
of biodiversity change and pose a major threat on marine ecosystems, with both 
ecological and economic impacts (Bax et al., 2003, Molnar et al., 2008, Rilov and 
Crooks, 2009). These impacts include changes in the genetic diversity of native species, 
local species extinctions and alterations of entire food webs (Grosholz, 2002, Levin and 
Crooks, 2011). 
The Mediterranean Sea, specifically its eastern basin (Rilov and Galil, 2009, Edelist et 
al., 2013a, Katsanevakis et al., 2014b), is one of the marine ecosystem most affected by 
alien species (Molnar et al., 2008, Costello et al., 2010). Currently, there are nearly 700 
alien species described in the Mediterranean Sea, of which more than half are 
considered to be established and spreading (Zenetos et al., 2010, Galil et al., 2014a, 
Galil et al., 2016). Although no complete extinctions, due to alien species, have been 
recorded in the Mediterranean Sea, sudden declines in abundance and local extirpations 
of native species concurrent with the proliferation of alien species have been 
documented (Galil, 2007a, Golani, 2010, Edelist et al., 2013a). 
The Mediterranean Sea is currently classified among the most impacted ecoregions of 
the world (Costello et al., 2010, Halpern et al., 2015a). The increasing impact of fishing 
in the Mediterranean Sea is evident. Many demersal and pelagic stocks are fully 
exploited or overexploited (Vasilakopoulos et al., 2014, Tsikliras et al., 2015). In 
addition, the Mediterranean Sea is being altered by other anthropogenic activities posing 
impacts, such as habitat loss and degradation, pollution, eutrophication and climate 
change (Coll et al., 2010, Coll et al., 2012). 
Within this context, the marine ecosystem of the Israeli Mediterranean coast, located 
within the Levantine Sea in the eastern part of the Mediterranean basin, has undergone 
significant changes in recent decades caused primarily by species invasion, fishing, 
river damming and climate change (Edelist et al., 2013a, Goren et al., 2013, Edelist et 
al., 2014, Sternberg et al., 2015). 
The Levantine Sea has the hottest, most saline and most oligotrophic waters in the 
Mediterranean Sea (Azov, 1991, Brasseur et al., 1996), as a result of high evaporation 
rates, very low riverine inputs and limited vertical mixing. These characteristics are the 
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main factors influencing several faunistic phenomena such as “Levantine nanism" 
(Sonin et al., 2007) and general faunal impoverishment compared to other 
Mediterranean Sea regions (Coll et al., 2010). 
Multiple empty niches in the Levant due to the low regional biodiversity and the 
existence of the native species in a habitat at the limits of their tolerance levels (Golani, 
1998, Galil, 2008, Rilov and Galil, 2009) can be potentially utilized by alien species. In 
addition, the opening of the Suez Canal in 1869, its continuous enlargement and the 
similar temperature and salinity regimes in the Levantine Sea and the Red Sea allowed 
for the progressive introduction of many Indo-Pacific species into the eastern 
Mediterranean Sea (known as Lessepsian immigrants) (Rilov and Galil, 2009). This 
phenomenon is almost entirely unidirectional, i.e. into the Mediterranean , and it was 
accelerated during the second half of the 20
th
 century and the first decade of the 21
th
 
century (Rilov and Galil, 2009, Golani, 2010).  
The environment of the eastern Mediterranean Sea has become more extreme to its 
native species due to climate change, favouring the establishment and spread of 
thermophilic species, such as most of the Lessepsian immigrants (Ben Rais Lasram et 
al., 2010, Lejeusne et al., 2010, Bianchi et al., 2013). Currently, the Levantine Sea is the 
world's most invaded marine ecoregion and the ecosystem has shifted considerably due 
to the collapse of several native species and the increasing dominance of alien species 
(Edelist et al., 2013a).  
The study of biological invasions and their impacts on the marine environment has 
increased in the last few decades and it is providing new insights into their ecological 
consequences (Wonham and Lewis, 2009). Most studies of alien species on marine 
ecosystems have focused on population level questions, such as population 
establishment, spread, impacts, invasion control and spatial distributions (e.g., Ruesink 
and Collado-Vides, 2006, Azzurro et al., 2013). In addition, several tools of different 
complexity have been employed to examine the impact of alien species (Wonham and 
Lewis, 2009). These applications range from analyses that include a number of groups 
within the pelagic compartment to modelling applications that include entire food webs 
(e.g.,Berdnikov et al., 1999, Oguz et al., 2001, Arias-González et al., 2011, Libralato et 
al., 2015). 
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Given the interconnectedness between populations, environment and human activities, a 
shift towards a more comprehensive analysis and management of human activities is 
required, as it is emphasized by the ecosystem-based management (EBM) approach 
(Rosenberg and McLeod, 2005, Link, 2010a). Within this context, ecosystem modelling 
tools are particularly useful because they allow the study of marine ecosystems as a 
whole, integrating available information to study direct and indirect interactions among 
ecosystem compartments, i.e. trophic interactions and the impact of fishing activity on 
marine resources (Plagányi, 2007, Fulton, 2010). One popular modelling approach used 
to study marine food webs is the Ecopath with Ecosim (EwE) approach (Christensen 
and Walters, 2004a), widely applied to describe the structure and functioning of aquatic 
food webs and to assess the impacts of human activities and environmental changes 
(Christensen and Walters, 2011, Heymans et al., 2014, Colléter et al., 2015, Heymans et 
al., 2016).  
Several Ecopath models have been built over the last decade in the Mediterranean Sea 
(Coll and Libralato, 2012). However, all available ecosystem models (with the 
exception of the Gulf of Gabes (Hattab et al., 2013), in Tunis) were developed for the 
northern Mediterranean Sea, and mostly in the western basin. In addition, the EwE 
approach has been used to study the impacts of alien species in several aquatic systems 
but typically, these studies have included only one or two alien functional groups 
(Corrales et al., 2014).  
In this study we developed a food web Ecopath model of the Israeli Mediterranean 
continental shelf for two time periods (1990-1994 and 2008-2010). The models were 
constructed in order to characterize the structure and functioning of the food web and to 
assess the past and current impact of several alien species and fishing on the Israeli 
continental shelf food web. Due to the large number of alien species in the region, this 
represents a major modeling challenge and an important step forward in modeling alien 
species with EwE, generally, and the Mediterranean Sea in particular.  
2. Material and methods 
2.1. Study area and time periods 
The Israeli Mediterranean continental shelf ecosystem (thereafter referred to ICS) (Fig. 
1) food web models cover an area of 3725 km
2
 between 0 to 200 m depth. The 
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bathymetric extension of the models is constrained by biology and fisheries as the study 
area includes the entire continental shelf, where the alien species live, and where the 
fishery mainly operates. Two time periods were modelled: 1990-1994 (thereafter 
referred to 1990s) and 2008-2012 (thereafter referred to 2010s). These two time periods 
were chosen due to the availability of data, the increase in the extent of occurrence of 
alien species, and the decline in fishing from 1990 to present (Edelist et al., 2013a, 
Goren et al., 2013).  
 
Fig. 1. The study area encompassing the Israeli EEZ and depth contours. 
Israel’s Mediterranean fisheries include a small semi-industrial trawl fleet, a small 
artisanal sector of gill and trammel-netters and longliners, a small purse seine fleet and a 
growing recreational sector (Edelist et al., 2013b, Goren et al., 2013). They are all 
multi-species fleets (Edelist et al., 2013b), that fish on the continental shelf, mainly near 
the coast (Edelist et al., 2011). 
2.2. Ecopath modeling approach 
Ecopath with Ecosim (EwE) version 6.4.3 (Christensen and Walters, 2004a, Christensen 
et al., 2008) was used to describe ICS food web. We used the static Ecopath model, to 
provide a quantitative representation of the food web as a “snapshot” in terms of flows 
and biomasses for a defined period of time. The food web is modelled by using 
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functional groups, which can consist of ontogenetic fractions of a species, single species 
or groups of species sharing common ecological traits. These groups are linked through 
their trophic interactions. 
Ecopath is based on two master equations describing the production (Eq. 1) and 
consumption (Eq. 2) of each functional group (Christensen and Walters, 2004a, 
Christensen et al., 2008).  
Production = predation mortality + fishing mortality + other mortality + biomass 
accumulation + net migration        (Eq. 1) 
Consumption = production + respiration + unassimilated food     (Eq. 2) 
For each functional group, three of the four basic parameters (biomass (B), production 
(P/B) and consumption (Q/B) rates, and ecotrophic efficiency (EE)) are required and the 
forth is estimated. In addition, for each functional group the diet composition is required 
as well as the catch by fleet. A detailed explanation of the algorithms and equations of 
the approach and its main advantages and limitations are described in Christensen and 
Walters (2004a) and Heymans et al. (2016). 
2.3. Functional groups and input data 
To represent the ICS food web, we defined the functional groups based on biological 
and ecological features of species such as habitat, depth distribution, diets, and data 
availability. We followed a similar food web structure and parametrization to other 
Ecopath models developed for the Mediterranean Sea (Coll et al., 2006, Tsagarakis et 
al., 2010, Corrales et al., 2015) (Table 1). The data of the two models, 1990s and 2010s, 
are shown in Table 1 and a detailed description of these inputs is provided in the Table 
S1 in Annex 2. 
To assess the impact of alien species in the ecosystem we included specific alien 
functional groups. Due to the large number of alien species and differences in time of 
settlement in the ecosystem, we included the most abundant species (33 species in 
1990s and 41 species in 2010s), for which sufficient data were available, including 
crustaceans and fish species (see Table S2 in Annex 2). At present, sufficient 
information for other alien groups such as cephalopods, molluscs, polychaetes and 
jellyfish is not available. 
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In addition to ecological traits (feeding habitats and habitat type), we combined alien 
species into functional groups based on their arrival in the ecosystem. Crustacean 
species invaded the ecosystem prior to 1990 and were grouped into alien shrimps and 
alien crabs. Fish species invaded, and continue to invade, the ecosystem both before and 
after 1990. In the demersal habitat, we defined the following alien fish groups: 
goatfishes (Upeneus sp.), alien herbivores (Siganus sp.), alien lizardfish (Saurida 
lessepsianus), earlier alien demersal fishes (demersal fishes that invaded the ecosystem 
before 1990) and new alien demersal fishes (demersal fishes that invaded the ecosystem 
after 1990). Small, medium and large pelagic fishes invaded the ecosystem before 1990. 
However, due to lack of information, these groups had to be combined with native 
species, creating three groups: small pelagic fishes, native medium pelagic fishes and 
large pelagic fishes. An additional group of new alien medium pelagic fishes were 
created for new species that arrived post 1990.  
In total, 39 functional groups were used in the ICS model for the 1990s period, 
including 2 primary producers, 12 groups of invertebrates, 20 groups of fishes, 1 group 
of sea turtles, 1 group of seabirds, 1 group of dolphins and 2 groups of detritus (natural 
detritus or "marine snow" and discards) (Table 1). Two alien fish groups were added to 
the 2010s model to account for the new arrivals (Table 1). 
Input parameters for the species and functional groups were mainly obtained from 
published literature and unpublished information from Israel Oceanographic and 
Limnological Research (IOLR) and Tel-Aviv University. The data were collected from 
the study area or surrounding areas (see Table S1 in Annex 2 for details on 
parameterization of each functional group). 
Biomass estimates were obtained from fishery dependent bottom trawl survey (swept-
area method), visual surveys conducted in the area, and additional information from the 
literature. Biomass estimates for pelagic species were not available and therefore we 
used realistic EE values to estimate the biomass of 10 functional groups (Heymans et 
al., 2016). Production and consumption rates were either estimated using empirical 
equations (Heymans et al., 2016) accounting for changes in water temperature between 
both time periods, or taken from literature or from other models and corrected for 
temperature changes following Opitz (1996). Diet information was compiled using 
published and unpublished data on stomach content analyses, giving preference to local 
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or similar areas. To date, limited information on the diet of alien species is available. In 
the absence of information from the Mediterranean Sea, we assumed the same diet 
composition for alien crustaceans (shrimps and crabs) as for the native groups. For 
migratory species (large pelagic fishes, sea birds, turtles and dolphins), we set a fraction 
of the diet composition as import based on the time that these species feed outside the 
system (Christensen et al., 2008, Heymans et al., 2016).  
Fisheries data were obtained from a reconstruction of Israeli catches including both 
commercial and discards, the recreational fishery and unregulated and unreported catch 
(Edelist et al., 2013b). We considered three commercial fishing fleets: bottom trawl, 
purse seine and artisanal fisheries (including gillnets and longliners).  
2.4. Pre-balancing and balancing analyses 
An Ecopath model is considered ecologically and thermodynamically balanced under 
the following conditions: (1) estimated EE < 1 for all functional groups, (2) values of 
P/Q (production/consumption rate or gross efficiency of food conversion, GE) are 
between 0.1 and 0.35 with the exception of some fast growing groups, (3) R/A 
(respiration/food assimilation) < 1, (4) R/B (respiration/biomass) are between 1 and 10 
for fishes and higher values for small organisms, (5) NE (net efficiency of food 
conversion) > GE and (6) P/R (production/respiration) < 1 (Christensen et al., 2008, 
Heymans et al., 2016) (Table 1 and Table S3 in Annex 2). 
Initial results of the ICS models showed that the EE > 1 for 16 (1990s) and 15 (2010s) 
demersal groups (fish, cephalopods and crustaceans). To achieve mass-balance, we 
applied a manual mass-balanced procedure following a top-down approach modifying 
appropriate input parameters (starting from the groups with higher trophic levels) and 
following the best practice guidelines provided in the literature (Heymans et al., 2016).  
In order to ensure that the model parameters obeyed general ecologic principles and to 
guide the balancing procedure we used the PREBAL analysis (Link, 2010b). This 
analysis highlighted that some P/B and Q/B values had to be adjusted since they were 
too low or too high based on their trophic levels. For additional information on the 
application of the PREBAL procedure see Annex 2.  
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Table 1. Initial (in bold) and modified input data of the Israeli Mediterranean continental shelf model for 1990-1994 (1990s) and 2008-2012 (2010s) time periods. B = 
final biomass (t·km
-2
); P/B = production/biomass (year
-1
); Q/B = consumption/biomass (year
-1
); EE = ecotrophic efficiency; P/Q = production/consumption ratio; 
landings and discards (t·km
-2
·year
-1
). (*) indicates groups that were considered within the pelagic compartment.  
Functional group 
B P/B Q/B EE P/Q Landings Discards 
1990s 2010s 1990s 2010s 1990s 2010s 1990s 2010s 1990s 2010s 1990s 2010s 1990s 2010s 
1 Phytoplankton* 2.78 3.04 88.42 78.90 - - 0.24 0.23 
  
- - - - 
2 Benthic primary producers 0.08 0.07 5.50 5.50 - - 0.50 0.70 
  
- - - - 
3 Micro and Mesozooplankton* 1.15 1.05 22.82 23.19 69.15 70.27 0.95 0.95 0.33 0.33 - - - - 
4 Macrozooplankton* 0.16 0.15 17.15 17.43 57.17 58.09 0.95 0.95 0.30 0.30 - - - - 
5 Gelatinous plankton* 0.07 0.06 15.56 15.82 56.65 57.57 0.30 0.30 0.27 0.27 - - - - 
6 Polychaetes 0.70 0.72 5.28 5.37 22.80 23.17 0.80 0.80 0.23 0.23 - - - - 
7 Suprabenthos 0.21 0.23 11.84 11.88 57.12 57.31 0.80 0.80 0.21 0.21 - - - - 
8 Native shrimps 0.12 0.08 3.10 3.11 9.76 9.80 0.95 0.95 0.32 0.32 0.04 0.00 0.01 0.03 
9 Alien shrimps 0.07 0.10 3.10 3.11 10.12 10.16 0.95 0.95 0.31 0.31 0.03 0.04 - - 
10 Native crabs 0.05 0.02 2.80 2.81 9.25 9.29 0.95 0.95 0.30 0.30 0.00 0.00 - - 
11 Alien crabs 0.02 0.09 2.80 2.81 9.55 9.59 0.95 0.95 0.29 0.29 - 0.02 0.01 0.05 
12 Benthic invertebrates 1.13 1.21 3.27 3.28 10.90 10.94 0.80 0.80 0.30 0.30 - - - 
 13 Benthic cephalopods 0.04 0.05 1.90 1.91 6.80 6.82 0.95 0.95 0.28 0.28 0.01 0.01 - - 
14 Benthopelagic cephalopods* 0.06 0.07 2.50 2.51 26.47 26.56 0.95 0.95 0.09 0.09 0.01 0.02 - - 
15 Mullets 0.05 0.01 1.86 1.87 8.32 8.37 0.96 0.98 0.22 0.22 0.05 0.01 0.00 - 
16 Goatfishes 0.03 0.03 1.88 1.89 8.54 8.60 0.99 0.99 0.22 0.22 0.02 0.03 0.00 0.01 
17 Hake 0.05 0.01 0.89 0.89 5.80 5.84 0.99 0.97 0.15 0.15 0.02 0.00 - 
 18 Flatfishes 0.02 0.02 1.52 1.53 8.23 8.26 0.98 0.96 0.18 0.18 0.00 0.00 0.01 0.01 
19 Rocky fishes 0.06 0.05 1.73 1.74 7.18 7.20 0.95 0.98 0.24 0.24 0.02 0.02 - - 
20 Small native dem. fishes  0.24 0.21 1.49 1.50 6.62 6.67 0.98 0.96 0.23 0.22 0.12 0.13 0.03 0.04 
21 Large native dem. fishes 0.11 0.02 1.10 1.10 6.08 6.10 0.97 0.97 0.18 0.18 0.08 0.01 0.00 0.00 
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22 Alien herbivores 0.01 0.02 1.72 1.73 6.90 6.92 0.95 0.95 0.25 0.25 0.00 0.01 - - 
23 Earlier alien dem. fishes  0.03 0.10 1.58 1.59 6.79 6.81 0.99 0.97 0.23 0.23 0.00 0.01 0.01 0.06 
24 New alien dem. fishes  - 0.11 - 1.49 - 6.67 - 0.95 - 0.22 - 0.03 - 0.04 
25 Alien lizardfish 0.07 0.03 1.18 1.18 7.01 7.04 0.93 0.93 0.17 0.17 0.05 0.03 0.00 - 
26 Demersal fishes (upper slope) 0.01 0.01 1.01 1.01 5.92 5.94 0.96 0.93 0.17 0.17 - - 0.00 0.00 
27 Benthopelagic fishes* 0.15 0.13 2.03 2.06 10.14 10.28 0.95 0.95 0.20 0.20 0.03 0.02 0.02 0.03 
28 Mesopelagic fishes* 0.06 0.05 1.74 1.75 8.70 8.73 0.95 0.95 0.20 0.20 - - - - 
29 Demersal sharks 0.02 0.04 0.70 0.70 4.67 4.68 0.64 0.70 0.15 0.15 0.01 0.02 0.00 0.00 
30 Rays and skates 0.03 0.05 0.94 0.94 5.70 5.72 0.87 0.89 0.16 0.16 0.01 0.03 0.01 0.00 
31 Small pelagic fishes* 0.70 0.58 2.40 2.45 11.98 12.27 0.95 0.95 0.20 0.20 0.12 0.04 0.00 0.01 
32 Horse mackerel* 0.13 0.09 1.44 1.46 8.02 8.13 0.95 0.95 0.18 0.18 0.06 0.04 0.00 0.01 
33 Mackerel* 0.07 0.08 1.42 1.44 7.88 7.99 0.95 0.95 0.18 0.18 0.02 0.02 - - 
34 Native medium pelagic fishes* 0.10 0.07 0.85 0.86 7.07 7.09 0.90 0.90 0.12 0.12 0.04 0.04 - - 
35 Alien medium pelagic fishes* - 0.02 - 0.85 - 7.11 - 0.90 - 0.12 - 0.01 - 0.00 
36 Large pelagic fishes* 0.06 0.06 0.90 0.90 5.35 5.38 0.98 0.99 0.17 0.17 0.05 0.06 - - 
37 Turtles 0.06 0.06 0.17 0.17 2.78 2.83 0.50 0.50 0.06 0.06 - - 0.00 0.00 
38 Sea birds 0.00 0.00 5.10 5.10 75.23 75.23 0.01 0.01 0.07 0.07 - - 0.00 0.00 
39 Dolphins* 0.01 0.01 0.09 0.09 10.95 10.95 0.48 0.48 0.01 0.01 - - 0.00 0.00 
40 Detritus 17.81 17.95 - - - - 0.23 0.24 - - - - - - 
41 Discards 0.17 0.29 - - - - 0.97 0.49 - - - - - - 
 
 
Chapter 2.2 
 
74 
After testing the model parameters with PREBAL, biomass and diets were readjusted 
where needed, as in other Ecopath models developed in the Mediterranean Sea (Coll et 
al., 2006, Tsagarakis et al., 2010, Corrales et al., 2015). We estimated biomass by 
calculating the average and maximum value for each species and year from the bottom 
surveys. In the absence of catchability coefficients to correct biomass estimates, 
maximum values were used to ensure mass-balance. We also adjusted the biomass 
inputs taking into account the fishing mortality patterns in other Mediterranean areas 
(demersal fish groups) and using a reasonable value of EE (EE values close but lower 
than 1) (Heymans et al., 2016), leaving the model to calculate the biomass for some 
groups (e.g. for crustacean and cephalopods groups). Finally, the diet matrix was 
slightly adjusted to take into account the abundances of species in the ecosystem (see 
Table S4 and S5 in Annex 2).  
2.5. Pedigree index and quality of the model 
The pedigree routine (Christensen and Walters, 2004a) was used to quantify the 
uncertainty associated with the input parameters and the quality of the models and to 
validate choices made in balancing the model. For each input datum, we assigned 
pedigree values to record the degree of confidence associated with the data. With the 
information for each functional group, the pedigree index was calculated for the overall 
model. The pedigree index ranges between 0 (low quality) and 1 (high quality), 
allowing a description of the quality of the model that can be compared to other models. 
The confidence intervals for the pedigree analysis and index values used are described 
in Table S6 in Annex 2. 
To evaluate the quality of the model we also compared some model outputs to the 
results of independent data. The trophic levels (TL) estimated for the 2010s Ecopath 
model were compared to the 𝛿15N values (‰) estimated by Stable Isotope Analysis 
(SIA) conducted on the Lebanese coast during 2011-2012 (Fanelli et al., 2015). For 
those functional groups from the model with several 𝛿15N values, the values were 
weighted using biomass proportions of these species in each functional group. TLs 
estimated by the Ecopath model were plotted against the 𝛿15N values and the correlation 
was tested using the Spearman-rank non-parametric correlation coefficient test (Zar, 
1984). 
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2.6. Model analyses and ecological indicators 
In order to assess the changes between the two models and the possible role and impact 
of alien species and fisheries a number of key food web indicators were analyzed and 
compared between time periods. In addition, we compared our results with those of the 
south Catalan Sea (Coll et al., 2006), the northern and central Adriatic Sea (Coll et al., 
2007) and the north Aegean Sea (Tsagarakis et al., 2010). 
Although the topology (number of functional groups, distribution of the species, area 
modeled and depth range included) of the model affects many food web indicators 
(Heymans et al., 2014, Heymans et al., 2016), we assumed that the comparison was 
possible as both ICS models (1990s and 2010s) represent the same ecosystem with the 
same model structure with the exception of two new functional groups that invaded the 
ecosystem during the time (comparison between ICS models). Comparison with other 
Mediterranean models included only robust indicators following previous studies 
(Heymans et al., 2014, Corrales et al., 2015). The ICS models were developed following 
similar criteria to other Mediterranean models (number of functional groups, 
distribution of the species and parameterization) and included similar depth ranges.   
a) Ecosystem structural and functioning traits 
To represent the biomasses, trophic flows and trophic levels (TL), we used a flow 
diagram and a Lindeman spine representation (Lindeman, 1942). In the Lindeman spine, 
the flows and biomasses are aggregated for each discrete trophic level and the detritus 
box is separated from the primary producers to show the amount of energy that flows 
through it. 
The Ecopath model outputs a variety of indicators related to the development and 
maturity of ecosystems according to Odum (1969). In this study, the following 
indicators were included: (1) Total system throughput (TST, t·km
-2
·year
-1
), estimated as 
the total flows in the ecosystem (sum of all consumption exports, respiration and flow to 
detritus; (2) total biomass (TB, t·km
-2
); (3) total primary production/total respiration 
(Pp/R); (4) total primary production/ total biomass (Pp/B, t·km
-2
·year
-1
); (5) system 
omnivory index (SOI), (6) Finn’s cycling index (FCI, %) and (7) Finn’s mean path 
length (PL) (Odum, 1969, Finn, 1976, Christensen, 1995, Christensen et al., 2008, 
Heymans et al., 2014). We also included the transfer efficiency (TE), the fraction of 
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total flows of each discrete trophic level that are either exported out of the ecosystem 
(e.g., by the fishing activity) or transferred to higher trophic levels through 
consumption. TE summarizes the inefficiency or energy dissipation between discrete 
trophic levels that is produced along the food web due to respiration, excretion, 
egestion, natural mortality and exports. The mean trophic level of the community 
(mTLco), calculated by weighting the TL of each functional group by its biomass was 
also used to compare the models. 
b) Ecological roles of functional groups 
Trophic level (TL) was used to analyze the ecological position of the functional groups 
of the ICS model (Lindeman, 1942, Stergiou and Karpouzi, 2001).  
The Mixed Trophic Impact (MTI) analysis was used to quantify the direct and indirect 
impact in the food web that a hypothetical increase in the biomass of one functional 
group would have on the biomasses of all the other functional groups in the food web, 
including the fishing fleets (Ulanowicz and Puccia, 1990, Christensen et al., 2008).  
The keystoneness index developed by Valls et al. (2015) was used to identify the 
keystone species. A keystone species is defined as a predator species with a high and 
wide impact on the food web despite its low biomass (Paine, 1966, Paine, 1969, Valls et 
al., 2015). The index is calculated as:  
KS = IC x BC                     (Eq. 3) 
where IC is the impact component and BC is the biomass component. The IC represents 
the overall effect of group (i) on all other groups in the food web excluding the impact 
on (i) itself and the impacts on dead groups and fleets (Libralato et al., 2006). The BC is 
defined as the rank of the group according to their biomass values in descending order 
(Valls et al., 2015). 
c) Impacts and role of alien species 
To evaluate the impact of alien species on the ecosystem, the changes in the 
contribution of alien species to the biomass and catch, and changes to flows related to 
alien species between the two time periods were calculated. For the changes to flows 
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related to alien species, the consumption by alien groups on their prey and the predation 
on alien groups by their predators for both time periods were estimated. 
d) Impacts of fishing on the food web 
The impacts of fishing on the food web were assessed using the mean trophic level of 
the catch (mTLc) (Christensen, 1996) and the primary production required to sustain the 
fisheries (% PPR) (Pauly and Christensen, 1995), taking into account both primary and 
detritus production. The MTI analysis was also used to quantify the direct and indirect 
impact of each fleet on the functional groups and the exploitation rate (fishing 
mortality/total mortality, F/Z) was calculated for the functional groups that were 
exploited. 
3. Results  
3.1. Ecosystem structural and functioning traits 
The overall trophic flows among functional groups and TLs show that in the 1990s most 
of the flows to detritus (93.3%), consumption (69%) and production (95.8%) were 
related to the pelagic compartment (Table 1 and 2) due to the contribution of planktonic 
groups. Similar contributions (92.8%, 66.1% and 95.4%, respectively) were found in the 
2010 model. The flow diagram indicates an important bento-pelagic coupling (Fig. 2), 
with 23.4% (1990s) and 27% (2010s) of flows from the pelagic compartment 
transferred to the demersal habitat through consumption when predation of planktonic 
groups on their prey were excluded (results not shown). Results also emphasized the 
important role of small pelagic fishes (functional group or F.G. 31) in linking TL II 
from the pelagic compartment with higher trophic levels from the pelagic and demersal 
habitat. Of this group’s biomass, 74.6% and 83.5% was transferred to the pelagic higher 
trophic levels and 25.4% and 16.5% to the demersal higher trophic levels in 1990s and 
2010s, respectively (results not shown). 
Most of the energy flows were between TL I, II and III (Fig. 3a and b). Exports, 
primarily represented by catches, were mainly focused on TL III and IV. An important 
link between detritus and TL II was found, as flows from the detritus and from the 
primary producers to TL II were similar in both time periods. The Transfer Efficiencies 
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(TE), decreased with the increasing TL (Fig. 3). The mean TE was 18.9% and 19% for 
the two time periods, respectively (Table 3).  
 
Fig. 2. Flow diagram of the Israeli Mediterranean continental shelf model representing the 2008-2012 
period. The size of each circle is proportional to the biomass of the functional group. The numbers 
identify the functional groups of the model (listed in Table 1). The thickness of the connecting lines is 
proportional to the magnitude of their trophic flows. 
Analyses of flows in terms of the Lindeman spine for both time periods indicated 
similar patterns when studying the overall food web (Fig. 3a and b). However, results 
from different habitats (pelagic versus demersal), highlight a change in the food web 
over time (Fig. 4): biomass, production and consumption of pelagic groups located in 
TL III decreased between the two time periods while values for TL IV remained 
constant. In contrast, the biomass, production and consumption of demersal groups 
located in TL III increased between the two time periods while values at TL IV 
decreased (Fig. 4).  
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Fig. 3. Lindeman spine representation of the Israeli Mediterranean continental shelf ecosystem for the 
1990-1994 (a) and the 2008-2012 (b) time periods. Trophic level (TL) I is split into primary producers (P) 
and detritus (D). Flows are represented in t·km
-2
·year
-1
 and biomass in t·km
-2
. 
3.2. Ecological roles of functional groups 
In the 1990s, functional groups ranged from TL = 1 for primary producers (F.G. 1 and 
2) and detritus (F.G. 40-41) to TL = 4.33 for dolphins (F.G. 39) (Table 2). The highest 
TLs (>4) corresponded to dolphins (F.G. 39), hake (F.G. 17), demersal sharks (F.G. 29), 
native and alien medium pelagic fishes (F.G. 34 and 35) and large pelagic fishes (F.G. 
36). Invertebrates were classified with a TL between 2.05 and 2.97, with cephalopods 
(F.G. 13 and 14) showing higher TLs. Fish had TLs between 3.02 and 4.25, with the 
exception of the alien herbivores (F.G. 22), which had a lower TL (TL = 2). Similar TLs 
were found for the 2010s model. TLs estimated from the 2010s model were highly and 
positively correlated with the 𝛿15N values from Lebanon (Fig. 5, Spearman-rank 
correlation coefficient, Rs = 0.90, n = 12, p < 0.0001). These results showed that an 
increase of 𝛿15N values calculated from SIA coincided with an increase of TLs 
estimated by the Ecopath model. 
Chapter 2.2 
 
80  
Table 2. Output estimates of the Israeli Mediterranean continental shelf model for 1990-1994 (1990s) and 2008-2012 (2010s) time periods. TL = Trophic Level; F = 
fishing mortality (year
-1
); M2= predation mortality (year
-1
); M0 = other natural mortality (year
-1
); F/Z = exploitation rate (fishing mortality (F) / total mortality (Z)); FD 
= flow to detritus (t·km
-2
·year
-1
). 
Functional groups 
TL F M2 MO F/Z FD 
1990s 2010s 1990s 2010s 1990s 2010s 1990s 2010s 1990s 2010s 1990s 2010s 
1 Phytoplankton 1.00 1.00 - - 21.21 18.10 67.21 60.79 0.00 0.00 186.77 184.78 
2 Benthic primary producers 1.00 1.00 - - 2.75 3.85 2.75 1.65 0.00 0.00 0.22 0.11 
3 Micro and Mesozooplankton 2.05 2.05 - - 21.68 22.03 1.14 1.16 0.00 0.00 33.06 30.72 
4 Macrozooplankton 2.77 2.77 - - 16.29 16.56 0.86 0.87 0.00 0.00 3.74 3.66 
5 Gelatinous plankton 2.89 2.89 - - 4.67 4.75 10.89 11.07 0.00 0.00 1.53 1.46 
6 Polychaetes 2.05 2.05 - - 4.23 4.30 1.06 1.07 0.00 0.00 7.10 7.41 
7 Suprabenthos 2.16 2.16 - - 9.47 9.50 2.37 2.38 0.00 0.00 4.13 4.41 
8 Native shrimps 2.97 2.97 0.43 0.44 2.52 2.51 0.16 0.16 0.14 0.14 0.25 0.17 
9 Alien shrimps 2.96 2.96 0.39 0.41 2.55 2.55 0.16 0.16 0.13 0.13 0.14 0.23 
10 Native crabs 2.89 2.89 0.01 0.01 2.65 2.66 0.14 0.14 0.00 0.00 0.09 0.04 
11 Alien crabs 2.89 2.90 0.56 0.72 2.10 1.95 0.14 0.14 0.20 0.26 0.05 0.19 
12 Benthic invertebrates 2.15 2.16 - - 2.62 2.62 0.65 0.66 0.00 0.00 3.20 3.44 
13 Benthic cephalopods 3.29 3.33 0.12 0.15 1.69 1.66 0.09 0.10 0.06 0.08 0.04 0.05 
14 Benthopelagic cephalopods 3.57 3.58 0.23 0.31 2.14 2.07 0.13 0.13 0.09 0.12 0.35 0.36 
15 Mullets 3.10 3.11 1.02 0.89 0.76 0.95 0.08 0.03 0.55 0.48 0.09 0.01 
16 Goatfishes 3.11 3.14 1.01 0.98 0.86 0.88 0.02 0.02 0.54 0.52 0.05 0.05 
17 Hake 4.05 4.06 0.47 0.26 0.42 0.61 0.00 0.02 0.53 0.29 0.05 0.01 
18 Flatfishes 3.28 3.29 0.69 0.65 0.79 0.81 0.04 0.06 0.45 0.43 0.03 0.04 
19 Rocky fishes 3.02 3.03 0.26 0.41 1.38 1.28 0.08 0.04 0.15 0.23 0.09 0.08 
20 Small native dem. fishes  3.25 3.29 0.66 0.78 0.80 0.65 0.03 0.07 0.44 0.52 0.32 0.30 
21 Large native dem. fishes  3.70 3.80 0.80 0.78 0.27 0.29 0.04 0.04 0.72 0.71 0.13 0.03 
Chapter 2.2 
 
81 
              
22 Alien herbivores 2.00 2.00 0.24 0.36 1.40 1.28 0.09 0.09 0.14 0.21 0.01 0.03 
23 Earlier alien dem. fishes  3.25 3.26 0.58 0.61 0.99 0.93 0.01 0.05 0.37 0.38 0.04 0.15 
24 New alien dem. fishes  - 3.35 - 0.64 - 0.77 - 0.08 - 0.43 - 0.15 
25 Alien lizardfish 3.78 3.87 0.78 0.78 0.32 0.31 0.09 0.08 0.66 0.66 0.10 0.05 
26 Demersal fishes (upper slope) 3.70 3.70 0.11 0.09 0.86 0.84 0.04 0.08 0.11 0.09 0.01 0.02 
27 Benthopelagic fishes 3.14 3.14 0.31 0.43 1.62 1.52 0.10 0.10 0.15 0.21 0.32 0.28 
28 Mesopelagic fishes 3.27 3.27 0.00 - 1.65 1.66 0.09 0.09 0.00 0.00 0.11 0.08 
29 Demersal sharks 4.04 4.10 0.36 0.46 0.08 0.03 0.25 0.21 0.52 0.66 0.02 0.04 
30 Rays and skates 3.59 3.62 0.70 0.74 0.12 0.09 0.12 0.11 0.75 0.79 0.03 0.06 
31 Small pelagic fishes 3.07 3.07 0.18 0.08 2.09 2.25 0.12 0.12 0.08 0.03 1.76 1.49 
32 Horse mackerel 3.30 3.32 0.48 0.46 0.89 0.93 0.07 0.07 0.33 0.31 0.22 0.15 
33 Mackerel 3.53 3.53 0.26 0.31 1.09 1.06 0.07 0.07 0.18 0.22 0.12 0.13 
34 Native medium pelagic fishes 4.13 4.15 0.41 0.58 0.35 0.20 0.09 0.09 0.49 0.67 0.15 0.11 
35 Alien medium pelagic fishes - 4.12 - 0.46 - 0.31 - 0.09 - 0.54 - 0.04 
36 Large pelagic fishes 4.25 4.26 0.83 0.86 0.05 0.04 0.01 0.00 0.92 0.95 0.07 0.07 
37 Turtles 3.05 3.05 0.08 0.09 0.00 0.00 0.08 0.09 0.50 0.50 0.04 0.04 
38 Sea birds 3.04 3.05 0.04 0.04 0.00 0.00 5.06 5.06 0.01 0.01 0.02 0.02 
39 Dolphins 4.33 4.30 0.04 0.04 0.00 0.00 0.05 0.05 0.48 0.48 0.02 0.02 
40 Detritus 1.00 1.00 - - - - - - - - 0.00 0.00 
41 Discards 1.00 1.00 - - - - - - - - 0.00 0.15 
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Table 3. Characteristics, statistics and ecological indicators for the Israeli Mediterranean continental shelf 
model (ICS) in the two time periods.  
Indicators 1990-1994 2008-2012 Units 
Number of functional groups 39 41 
 
Number of primary producers 2 2 
 Number of alive functional groups 37 39 
 Total system throughput (TST) 646.36 631.89 t·km
-2
·year
-1
 
Total primary production/Total respiration (Pp/R) 4.26 4.26 
 
Total primary production/Total biomass (Pp/B) 28.32 27.28 
 
System omnivory index (SOI) 0.19 0.19 
 
Finn's cycling index (of total throughput) (FCI) 5.72 5.78 % of TST 
Finn's mean path length (PL) 2.62 2.63 
 
Total biomass (excluding detritus) (TB) 8.69 8.80 t·km
-2
 
Mean trophic level of the community (mTLco) 1.35 1.34 
 
mTLco (excluding TL=1) 2.62 2.60 
 
Total catches (TC) 0.94 0.93 t·km
-2
·year
-1
 
Total landings 0.80 0.64 t·km
-2
·year
-1
 
Total discards 0.14 0.29 t·km
-2
·year
-1
 
Mean trophic level of the catch (mTLc) 3.38 3.37 
 
Primary production required to sustain the fisheries 
(PPR, considering PP + detritus) 
10.36 11.34 % 
Mean transfer efficiency  (TE) 18.90 19.00 % 
Ecopath pedigree index 0.54 0.54   
 
The MTI analysis showed that most of the groups had a negative impact on themselves 
as a result of competition for the resources within the group and had a direct negative 
impact on their main prey through predation (Fig. 6a and 6b). Results highlighted some 
indirect effects between groups through competition for resources. For example, 
between benthic invertebrates (F.G. 12) and alien herbivores (F.G. 22), and between 
small native demersal fishes (F.G. 20), earlier alien demersal fishes (F.G. 23) and new 
alien demersal fishes (F.G. 24). An important impact of small pelagic fishes (F.G. 31) 
and small native demersal fishes (F.G. 20) on higher and lower trophic levels was also 
observed. A comparison between time periods highlighted the increasing impact of 
demersal sharks (F.G. 29), rays and skates (F.G. 30) and alien groups: earlier alien dem. 
fishes (F.G. 23), new alien dem. fishes (F.G. 24) and alien medium pelagic fishes (F.G. 
35). By contrast there was a decreasing impact of mullets (F.G. 15), hake (F.G. 17), 
large native demersal fishes (F.G. 21), alien lizardfish (F.G. 25) and native medium 
pelagic fishes (F.G. 34) due to changes in biomass composition. 
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Fig. 4. Biomass (t·km
-2
), production (t·km
-2
·year
-1
) and consumption (t·km
-2
·year
-1
) by discrete trophic 
levels (TL) and habitat in both time periods. Left hand panels are TL III and right panels are TL IV. Top 
row is biomass (a and b), middle row is production (c and d) and bottom row is consumption (e and f). 
Native medium pelagic fishes (F.G. 34), dolphins (F.G. 39), demersal sharks (F.G. 29), 
large pelagic fishes (F.G 36), alien lizardfish (F.G. 25) and squids (F.G. 14) may have 
been potential keystone species in the ICS in both time periods (Fig. 7a and 7b). Hake 
(F.G. 17) was identified as a potential keystone species during the 1990s but not in the 
2010s. This result indicates that the keystone role of hake in the ICS ecosystem 
disappeared in the latter period. 
3.3. Impacts and role of alien species 
The contribution of alien groups to the total biomass increased from 9.5% in 1990s to 
23.3% in 2010s (Fig. 8a). For crustaceans (shrimps and crabs) and demersal fishes the 
alien species increased from 35.1% and 20.2% to 66.3% and 47.5%, respectively (Fig. 
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8a). For example, alien shrimps (F.G. 9) and earlier alien demersal fishes (F.G. 23) 
increased their biomass by 55.5% and 256.6%, respectively (Table 1). A remarkable 
result is the large biomass of new alien demersal fishes (F.G. 24) achieved within a 
decade of the invasion of the first species of this group, with a rate of increase of 0.01 
t·km
-2
·year
-1
. The biomass of alien pelagic fish species increased from 0% to 2.6% 
between the 1990s and 2010s (Fig. 8a). 
 
Fig. 5. Correlation between trophic level (TL) calculated with the 2008-2012 Ecopath model (2008-2012 
period) and the 𝛿15N values calculated from stable isotope analysis conducted along the Lebanese coast 
(Fanelli et al., 2015). The numbers in the figure identify the functional groups of the model (listed in 
Table 1). 
The analysis of the catch showed similar patterns to those observed in the biomass. The 
contribution of alien groups to the total catch increased from 14.9% in 1990s to 34.1% 
in 2010s (Figure 8b). This increase was from 43.1%, 22.2% and 0% to 75.4%, 46.1% 
and 4.9% for crustaceans, demersal fishes and pelagic fishes, respectively (Figure 8b). 
The catch of alien crabs (F.G. 11) and alien herbivores (F.G. 22) increased 399.1% and 
224.3%, respectively (Table 1). The analysis of the percent contribution of alien species 
to the catch for each fleet showed that the largest increases corresponded to the trawl 
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and the recreational fleet, with increases from 30.1% and 6.2% to 48% and 18.2% from 
1990s to 2010s, respectively (Figure 8c). 
a) 
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b) 
 
Fig. 6. Mixed Trophic Impact (MTI) analysis of the Israeli Mediterranean continental shelf ecosystem for 
1990-1994 (a) and 2008-2012 (b) time periods. Negative (red) and positive (blue) impacts are 
represented. 
The analysis of predation and consumption (Fig. 9a and 9b), as well as the MTI 
analysis, showed the increasing importance of alien groups between the two time 
periods. Results highlight that the predation by alien species on their prey increased 
slightly more than their consumption by their predators (Fig. 9a and 9b). For example, 
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the grazing of alien herbivores (F.G. 22) on primary producers increased 109.8% while 
the predation on alien herbivores by their predators increased 90.6%.  
The keystoneness index analysis showed that alien lizardfish (F.G. 25) was identified as 
a potential keystone species in both time periods (Fig. 7a and 7b). It also showed the 
possibility of alien medium pelagic fish (F.G. 35) to become a keystone group in the 
future, as this group had a high keystoneness index despite its recent invasion (Fig. 7b).  
3.4. Impacts of fishing on the food web 
Total catch in 1990s was 0.94 t·km
-2
·year
-1
, and did not differ considerably between 
both time periods, suggesting stable catch production (Table 3). Exploitation rates (F/Z) 
(Table 2) were high for many of the exploited demersal groups, including, mullets (F.G. 
15), goatfishes (F.G. 16), large native demersal fishes (F.G. 21), alien lizardfish (F.G. 
25), demersal sharks (F.G. 29),  rays and skates (F.G. 30); and medium (F.G. 34 and 35) 
and large pelagic fishes groups (F.G. 36) (Table 2).  
The percentage of primary production required to sustain the fisheries (%PPR) was 
10.36% and 11.34% for the 1990s and 2010 time periods, respectively (Table 3). 
The MTI analysis applied to the fishing fleets showed that the four fleets included in the 
ICS models had negative impacts on themselves and to a lesser extent on the other 
fleets, indicating direct and indirect competition for marine resources (Fig. 6a and 6b). 
Most fleets had expected impacts on target species. The trawl fleet had the highest 
impact on many demersal and pelagic groups and also had a high impact on turtles (F.G. 
37) via direct mortality, and on dolphins (F.G. 39) via direct mortality and competition 
for resources. The artisanal fleet had a high impact on turtles (F.G. 37) and seabirds 
(F.G. 38) via direct mortality.  
4. Discussion 
These are the first published food web models of the Israeli Mediterranean continental 
shelf (ICS) ecosystem. After parameterization, data quality analysis and balancing the 
model, results showed the important role of alien fish, shrimps and crabs on the 
southeastern Mediterranean Sea and their increased impact from the 1990s to 2010s. 
Fishing also had notable impacts on the ecosystem, already in the 1990s as well as in 
the 2010s.  
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Fig. 7. Functional groups plotted against keystone index and trophic level for 1990-1994 (a) and 2008-
2012 (b) time periods. The numbers identify the functional groups of the model (listed in Table 1). The 
size of each circle is proportional to the biomass of the functional group. 
This study represents an important step forward in evaluating the past and current 
impacts of alien species and fishing activities in the ICS. One of the main advantages of 
undertaking such a study is the identification of information gaps. The pedigree index 
obtained for both ICS models (1990s and 2010s) indicated an acceptable quality of the 
models (Morissette, 2007, Lassalle et al., 2014) although they are among the lowest 
values in the Mediterranean Sea (Corrales et al., 2015). There are many information 
gaps, specifically in the pelagic habitat and benthic invertebrates groups. Population 
assessments of small and medium pelagic fishes and plankton sampling in the study 
area would greatly improve the parameter estimates of these groups. A fisheries 
independent annual trawl survey would improve the available data and increase the 
understanding and quantification of changes in the Levantine Sea. Detailed stomach 
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content analyses are needed for alien species to complement available information and 
our understanding of the impact of alien species in this area.  
 
Fig. 8. Contribution (%) of alien species to the total biomass (a), to the catch of different groups (b) and 
to the total catch of the various fleets (c). Total biomass includes all the groups with sufficient 
information to split between native and alien species (fish, cephalopods and crustaceans (shrimps and 
crabs)). Planktonic groups, suprabenthos, polychaetes and benthic invertebrates are excluded for the 
analysis. CRUS = Crustaceans (shrimps and crabs); DEMF = Demersal fishes; PELF = Pelagic fishes; 
PURSE = Purse seine; ARTIS = Artisanal; RECRE = Recreational.  
Obtaining good estimates of total catch (both official and Illegal, Unregulated and 
Unreported (IUU)) (Edelist et al., 2013b) was challenging but the reconstruction used in 
this study offered a more complete estimation than the official data available. However, 
as Edelist et al. (2013b) indicated, the catch data of the artisanal fleet and the purse 
seine were less reliable than the trawl catch due to the large number of vessels and 
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landing sites. In addition, the recreational sector requires detailed examination due to its 
actual importance and its potential growth, as in other Mediterranean regions (Gaudin 
and De Young, 2007, Pauly et al., 2014).  
 
Fig. 9. Predation (t·km
-2
·year
-1
) by alien species on their prey (a) and consumption (t·km
-2
·year
-1
) of alien 
species by their predators (b) for the two time periods (1990-1994 and 2008-2012). AH = Alien 
herbivores; AS = Alien shrimps; AC = Alien crabs; GF = Goatfishes; EADF = Earlier alien demersal 
fishes; NADF = New alien demersal fishes; ALIF = Alien lizardfish; AMPF = Alien medium pelagic 
fishes. 
Comparison and calibration of model outputs are part of the model validation process. 
Here we used information from Stable Isotope Analysis (SIA) from a neighboring area 
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to compare outputs with trophic levels estimates from the model. Our results showed a 
high correlation with the SIA estimates obtained for the Lebanese coast (Fanelli et al., 
2015), highlighting that the diet information used here represent the trophic 
relationships reasonably well. Although the stomach content analysis and SIA were not 
performed in the same area, they are from the Levantine Sea and could be used here to 
parameterize and validate our models. Future work should include more independent 
analysis to validate the models (i.e. information on fishing mortalities from stock 
assessment) while the 1990s model should be calibrated to available time series of 
historical data using the temporal modeling approach Ecosim (Walters et al., 1997). 
4.1.Ecosystem structural and functioning traits and ecological role of functional 
groups 
In agreement with the oligotrophic nature of the Levantine Sea, TST and TB estimates,  
were much lower in our models than in other Mediterranean models set up in the 
western and central basin (Corrales et al., 2015). These features had been also observed 
on a larger scale Mediterranean Sea food web model (Piroddi et al., 2015a). The TEs of 
both time periods were higher (almost double) than the average value of 10% reported 
worldwide (Pauly and Christensen, 1995). These values were also higher than in other 
Mediterranean Sea areas (Corrales et al., 2015) and for the Mediterranean Sea as a 
whole (Piroddi et al., 2015a). Such high values highlight the nutrient-poor waters of the 
Israeli Mediterranean coast. 
Results related with ecosystem development theory (Odum, 1969, Odum, 1971), 
suggest that the Israeli ecosystem was at a developing stage in both time periods. For 
example, the Pp/R values were higher than 1, indicating that more energy was produced 
than respired within the system. The Pp/B values were high, indicating low levels of 
biomass accumulation within the system compared with productivity; and the FCI 
values, which represents the proportion of throughput cycled within the ecosystem, was 
low, indicating an immature system. Food web complexity indices such as the SOI and 
PL were low, suggesting that the ICS models look more chain-like than web-like. All of 
these indicators presented similar values in both time periods, suggesting that the 
functioning of the whole ecosystem did not change significantly over time, and could 
indicate that the ecosystem was already highly impacted in the 1990s.  
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Results from the Lindeman spine suggest food web changes in different habitats. The 
increasing flows in the demersal habitat in TL III can be due to the increasing impact of 
alien species on the ecosystem. This could be related to the empty niches left by the 
native species that the alien species occupied or as a result of a potential trophic cascade 
due to the overexploitation of top predators like hake (F.G. 17), large native demersal 
fishes (F.G. 21) and alien lizardfish (F.G. 25). However, the decreasing flows in TL III 
of the pelagic habitat were not clear and should be interpreted carefully since (1) there is 
a lack of pelagic data and (2) increasing water temperature and river damming were 
postulated to play an important role in these declines (Edelist et al., 2013b).  
The Israeli marine ecosystem was found to share some common features in structure 
and functioning with other Mediterranean ecosystems such as the important role of 
detritus via TL II; the dominance of the pelagic fraction in term of flows; and the 
importance of the benthic-pelagic coupling. For example, the contribution of planktonic 
groups to the detritus and the relationship between detritus and organisms at TL II 
(mainly benthic invertebrate groups) was identified as a key process in the 
Mediterranean Sea (Coll et al., 2006, Tsagarakis et al., 2010, Corrales et al., 2015).  
In both time periods the same keystone groups were identified with the exception of 
hake in 2010s. Most of these groups were also keystones in other Mediterranean areas 
(Coll and Libralato, 2012, Corrales et al., 2015). Hake (F.G. 17) was not identified as a 
keystone species in the 2010s model, and could therefore be a native top predator that 
may have lost its ecological role. The decline of hake has been attributed to overfishing, 
oceanographic changes, increased temperature and the competition for resources with 
the alien lizardfish (F.G. 25) (Galil, 2007a, Gucu and Bingel, 2011, Halim and Rizkalla, 
2011, Edelist, 2012). 
4.2. The role and impact of alien species 
Our results show that alien species has become an important part of the ecosystem. 
Their increasing biomass, catch and flows within the ecosystem, have altered the 
structure of the food web. Higher percentages of alien species have been found in the 
catch than in the biomass, as most of the fishing effort has been redirected to the 
shallow waters (Edelist et al., 2013b), where most of the commercial demersal biomass 
is now attributed to alien species (Edelist et al., 2013a).  
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A high proportion of alien demersal species has been found in other parts of the eastern 
Mediterranean Sea as well (Gücü and Bingel, 1994, Taşkavak et al., 1998, Harmelin-
Vivien et al., 2005, Carpentieri et al., 2009, Gücü et al., 2010). The rapid expansion of 
the new alien demersal fishes (F.G. 24) is in line with studies that indicated that the 
most recent wave of invasion has established large populations along the eastern 
Mediterranean Sea (Edelist et al., 2012, Nader et al., 2012, Edelist et al., 2013a, Stern et 
al., 2014). The trawl fleet and recreational fishers caught the highest percentages of 
alien species because most of the trawl fishing effort are focused on shallow soft 
bottoms; and the recreational fishers catch on hard coastal bottoms, where alien 
herbivores (F.G. 22) constitute an important part of the total biomass (Goren and Galil, 
2001). Except alien herbivores, alien species appear to be poorly established in the 
rocky littoral zone (Golani et al., 2007). However, the importance of alien species in the 
catch of all the fleets might be underestimated, especially in the artisanal and the purse 
seine, as an important part of the catch includes groups that were not sufficiently 
separate into specific functional groups in the model due to lack of data (e.g. small 
pelagic fishes and native medium pelagic fishes).  
Trophic flows related to alien species increased as a result of their biomass expansion 
and impacted the ecosystem. The rapid growth of the alien herbivores population altered 
the community structure of the rocky infralittoral (Sala et al., 2011, Vergés et al., 2014). 
Prior to their arrival, the role of native herbivorous fishes were negligible, and therefore, 
the alien herbivores increased the rate of algal recycling and provided more food to 
potential predators (Galil, 2007b). Moreover, some competition for resources has been 
found in the demersal habitat. Our results highlighted that the consumption of prey by 
alien species increased more than the consumption on alien species by their predators. 
This may be due to the increasing importance of alien species in the catch, preventing 
energy transfer to higher trophic levels.  
Several hypotheses have been proposed to explain the impact that alien species have on 
the marine ecosystem of the eastern Mediterranean Sea and the decline of native 
species. Trophic interactions between native and alien species may cause native species 
to be outcompeted or partially displaced by the invaders (Galil, 2000, Galil, 2007a). 
Several authors indicated the success of some alien species could be related to the 
existence of underexploited niches in the ecosystem that could be exploited by the alien 
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species (Golani, 1998, Galil, 2008, Rilov and Galil, 2009). In addition, the impact of 
fishing activity could facilitate the establishment and spread of alien species as a result 
of the overexploitation of native species (Galil, 2008) and the possible better adaptation 
and competitiveness of alien species to proliferate in the highly impacted trawled areas 
(Edelist et al., 2011). Moreover, environmental conditions (specially temperature but 
also salinity) might have become more suitable for thermophilic species like most of the 
Lessepsian migrants, providing various advantages when competing with temperate 
native species (Golani, 1998, Galil, 2007a). 
4.3. Impacts of fishing on the food web 
Results of this study showed that fishing activity played an important role over time on 
the ecosystem and had noticeable impacts. For example, some groups had higher 
exploitation rates than the general reference point of 0.5 proposed by Rochet and 
Trenkel (2003), suggesting the overexploitation of several marine resources.  
However, the primary production required to sustain the fisheries (%PPR) showed a 
lower value than the 24.2% estimated for non-tropical shelves worldwide (Pauly and 
Christensen, 1995). It was lower than the northern and central Adriatic Sea model (Coll 
et al., 2007), and higher than the south Catalan Sea model (Coll et al., 2006) and the 
north Aegean Sea model (Tsagarakis et al., 2010). The total catch was stable between 
both periods, but landings decreased around 20% from 1990s to 2010s while discards 
increased dramatically, corroborating the unsustainability of the Israeli fisheries (Goren 
et al., 2013, Edelist et al., 2014). There are reasons for this: The trawl fleet refocused the 
effort to the shallow waters, where many fish species are characterized by small size 
and where many nursery habitats are found; and many of the new alien species, found 
mainly in shallow waters, are discarded as they are small or are venomous/poisonous or 
for cultural reasons (Edelist et al., 2013b).  
The mTLc and mTLco values in the ICS models were higher than models developed in 
the western and central Mediterranean Sea, and similar to the north Aegean Sea model 
(Tsagarakis et al., 2010, Coll and Libralato, 2012, Corrales et al., 2015). This could be 
related to the oligotrophic nature of the eastern Mediterranean Sea and therefore the 
lower proportion of low TL organisms such as small pelagic fishes in the total catch and 
the ecosystem , as also seen in the Aegean Sea (Tsagarakis et al., 2010). Moreover, the 
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mTLc and mTLco in the Israeli model are similar during both time periods as the 
biomass and catch of top predators (i.e., hake (F.G. 17), large native demersal fishes 
(F.G. 21) alien lizardfish (F.G. 25)) and low trophic levels (like small pelagic fishes 
(F.G. 31)) decrease while the biomass and catch of medium trophic levels (i.e. earlier 
(F.G. 23) and new alien demersal fishes (F.G. 24)) increased. In fact, Edelist et al. 
(2013a) suggested that alien species have masked changes to the mTLco in the demersal 
fish community by replacing native by alien fishes with similar ecological position in 
the food web. 
4.4.Concluding remarks 
This study presents the first attempt to develop a food web model of the Israeli 
Mediterranean ecosystem. Furthermore it demonstrates the large changes that have 
occurred to the food web structure and functioning since 1990s. These changes are a 
consequence of fishing and the increasing number and biomass of alien species.  
The current state of the ICS ecosystem is a result of the cumulative impacts of alien 
species, overfishing and climate change superimposed on the geological history and 
environmental conditions of the eastern Mediterranean Sea (Galil, 2008, Bianchi et al., 
2014). It is difficult to quantify the contribution of each of these factors (Galil, 2007b) 
but they could be amplified by their cumulative effects. The nature of these effects 
(additive, synergistic or antagonist) is unknown, although some authors suggested 
synergistic effects between alien species, fishing and climate change (Galil, 2008, 
Goren et al., 2013).  
Future work including the calibration and fitting of the 1990s model to historical time 
series data (Walters et al., 1997, Christensen and Walters, 2004a) should be used to 
continue this analysis and evaluate both historical and potential future cumulative 
impacts of multiple stressors to the ecosystem dynamics of the southeastern 
Mediterranean Sea. 
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2.3. Hindcasting the dynamics of an Eastern 
Mediterranean marine ecosystem under the impacts of 
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Abstract 
An important challenge for conserving and managing marine ecosystems is to advance 
our understanding of how multiple human stressors, environmental factors and marine 
resources interact and influence each other. The ecosystems of the Israeli Mediterranean 
coast have undergone significant ecological changes in recent decades, caused primarily 
by the introduction of alien species, fishing and the warming of the waters.  
Here we used a food-web model representing the continental shelf of the Israeli 
Mediterranean coast to explore the historical dynamics of the area considering the 
combined effect of alien species, fishing activities and changes in sea surface 
temperature and primary productivity. The food-web model was fitted to available time 
series of data from the early 1990s to 2010 using the temporal dynamic module of the 
Ecopath with Ecosim (EwE) modeling approach. An important challenge was to model 
the numerous alien species inhabiting the Eastern Mediterranean Sea, one of the most 
invaded marine ecosystems of the world.  
Historical model simulations satisfactorily matched observed data, especially regarding 
alien groups. However, lack of data from the pelagic environment limited our ability to 
compare model output with historical observations. Trophic interactions, climate change 
and fishing were important factors explaining the historical dynamics of the ecosystem, 
which showed a degradation pattern over time. Results also highlighted an increasing 
proportion of alien species in biomass and catch over time with important effects on the 
food web.  
This study represents an important step forward in understanding the changes that are 
occurring in the Israeli continental shelf ecosystem and the Levantine Sea.  
Keywords: Eastern Mediterranean Sea, food-web model, Ecopath with Ecosim, 
cumulative impacts, alien species, climate change, fishing impact. 
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1. Introduction  
During the last decades marine ecosystems have changed at surprising rates under the 
impacts of global, regional and local stressors, including climate change, biological 
invasions and direct human pressures such as overexploitation, pollution and habitat 
modification (Costello et al., 2010, Halpern et al., 2015a). Variations in the abundance 
of marine species and their distributions have been documented (Carlton and Ruiz, 
2005, Perry et al., 2005, Lotze et al., 2006), affecting the structure and functioning of 
marine ecosystems (Byrnes et al., 2007, Doney et al., 2012, Christensen et al., 2014a) 
and the ecosystem services provided to humans (Worm et al., 2006, Katsanevakis et al., 
2014c). 
Given the range of human activities, stressors often co-occur in time and space. Thus 
most marine ecosystems are exposed to the impacts of multiple stressors (Breitburg and 
Riedel, 2005, Halpern et al., 2015a), in addition to the effects of environmental 
fluctuations (Ravier and Fromentin, 2004, Cury et al., 2008). The ability to understand 
how human activities, environmental factors and marine organisms interact and 
influence each other is an issue of pressing importance.  
A shift towards more comprehensive management of human activities following an 
ecosystem-based management (EBM) approach requires means to evaluate their 
interactive and cumulative impacts (Leslie and McLeod, 2007, Giakoumi et al., 2015). 
Thus, studying cumulative impacts has become one of the most important challenges in 
ecology, conservation and management (Crain et al., 2009, Parsons et al., 2014). 
Within this context, ecosystem modeling approaches have increasingly been adopted as 
useful tools to study marine ecosystems as a whole (Piroddi et al., 2015b). They 
integrate available information to consider direct and indirect interactions among 
ecosystem compartments and stressors, e.g. trophic interactions and the impact of 
fishing activity (Plagányi, 2007, Fulton, 2010). One of the most used approaches is the 
Ecopath with Ecosim (EwE) modeling toolbox, which has been widely applied to model 
aquatic food webs (Heymans et al., 2014, Colléter et al., 2015). 
The EwE approach has been mainly used to assess the impacts of fishing activities on 
marine ecosystems and investigate management options (Cury et al., 2005, Heymans et 
al., 2014). In addition, it is increasingly being used to assess the impact of cumulative 
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stressors such as climate change, habitat modification and other stressors that are 
becoming more important in the marine environment (Coll et al., 2015, Colléter et al., 
2015). One of these increasingly important stressors is the invasion of non-native 
species (e.g., Arias-González et al., 2011, Libralato et al., 2015).  
Modeling species invasions using EwE models and evaluating their expansion and 
effects in the food web is a challenging task (Langseth et al., 2012, Corrales et al., 
2014). For example, the time of arrival and important ecological traits of alien species 
need to be known in advance before their dynamics can be modeled. One solution has 
been to develop two food webs, one representing the ecosystem before the invasion and 
one after the invasion (e.g., Downing et al., 2012, Akoglu et al., 2014). However, this 
approach impedes the study of the expansion process and the impact of alien species on 
the food web during the intermediate period. Several alternative approaches have been 
used to simulate alien species and their temporal impacts (e.g., Arias-González et al., 
2011, Langseth et al., 2012), which are briefly explained in “Materials and methods: 
Incorporating the impact of alien species”.  
The marine ecosystem of the Eastern Mediterranean Sea has undergone significant 
changes in recent decades, caused primarily by the introduction of alien species through 
the Suez Canal (known as Lessepsian migration), intense fishing activity and the effects 
of climate change (Lejeusne et al., 2010, Katsanevakis et al., 2014b, Tsikliras et al., 
2015). 
In this study, a food-web model representing the Israeli Mediterranean continental shelf 
(ICS model) in the early 1990s (Corrales et al., 2017b) was fitted to available time 
series of data from the early 1990s to 2010 using the temporal dynamic module Ecosim 
(Walters et al., 1997, Christensen and Walters, 2004a). The specific objectives of this 
study were to: (1) explore the historical dynamics of marine resources of the ICS model 
considering the effect of alien species, fishing activities and climate change (through 
historical changes in temperature) as the main ecosystem drivers, and (2) quantify 
ecological changes during this period using selected ecological indicators.  
This study represents the first development of a temporal dynamic food-web model that 
quantifies the impact of multiple stressors in the Eastern Mediterranean Sea. We 
reviewed previous attempts to model species invasions in EwE and we developed a 
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strategy that satisfied the amount of available data and alien species in the study area. 
Given the large number of alien species inhabiting the Eastern Mediterranean Sea and 
the lack of temporal quantitative analysis on the impact of alien species in the region in 
addition to other human impacts, the present study represents an important step forward 
in modeling alien species, generally, and in the Mediterranean Sea in particular 
(Corrales et al., 2014). 
2. Materials and methods  
2.1.  Study area  
The study area comprises the Israeli Mediterranean continental shelf (hereafter referred 
as ICS) (Fig. 1), in the Levantine Sea. The ecosystem modeled covers an area of 3725 
km
2
, including depths from 0 to 200 m. The Levantine Sea has the hottest, saltiest and 
most nutrient poor waters in the Mediterranean Sea (Azov, 1991, Brasseur et al., 1996). 
Its circulation is characterized by a dominant northward current along with the general 
counterclockwise current gyre of the Eastern Mediterranean Sea (Hamad et al., 2006). 
The ecosystem along the Israeli Mediterranean coast has changed over recent decades 
due to direct anthropogenic impacts, in addition to the increasing water temperature 
(Edelist et al., 2013a, Goren et al., 2013, Sternberg et al., 2015). Currently, the 
Levantine Sea is the world’s most invaded marine ecoregion (with a current ratio of 
alien to native species richness of 0.69) (Katsanevakis et al., 2014b) and the invasions 
have profoundly altered the ecosystem (Edelist et al., 2013a). The impact of fishing is 
also high, although overall commercial fishing effort has decreased in the past 20 year 
(Fig. 2a) (Goren et al., 2013, Edelist et al., 2014). In addition, mean sea surface 
temperature has risen (1.26ºC between 1994 and 2010) (Mediterranean Forecasting 
System COPERNICUS; http://marine.copernicus.eu/) (Fig. 2b), facilitating the 
establishment and spread of thermophilic species over time (Fig. 2c,d), which are 
mostly Lessepsian migrants. This has also negatively impacted native species (mainly 
cold-water species) by placing them at the edge of their thermal ranges (Ben Rais 
Lasram et al., 2010, Raitsos et al., 2010). 
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Fig. 1. The study area encompassing the Israeli Mediterranean continental shelf ecosystem and selected 
depth contours. Modeled area includes depths from 0 to 200 m.  
2.2. Modeling approach 
2.2.1. Ecopath with Ecosim framework 
An Ecosim model representing the ICS ecosystem during the 1994-2010 period was 
fitted to time series of historical data. The Ecosim simulated the period between two 
Ecopath models representing the 1990-1994 and 2008-2010 time periods (Corrales et 
al., 2017b). The original model representing the 1990-1994 period comprised 39 
functional groups, including the main trophic components of the food web from primary 
producers to top predators (see Table S1 in Annex 3). The model included six alien 
groups encompassing several crustacean and fish species located at various trophic 
positions in the food web. The main fishing fleets acting in the ecosystem were also 
considered: bottom trawl fleet, artisanal gear consisting of longlines and gillnets, purse 
seine and recreational fishers.  
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Fig. 2. Ecosystem drivers of the Israeli Mediterranean continental shelf ecosystem considered in this 
study: (a) relative fishing effort by fleet, (b) annual sea surface temperature, (c) number of alien species in 
the Mediterranean Sea (adapted from (Galil et al., 2014a)) and (d) number of alien fish species in the 
Mediterranean Sea (adapted from Golani (2010)). 
Two multispecies alien groups (new alien demersal fish and alien medium pelagic fish, 
new alien groups, hereafter), which incorporate alien species with different times of 
settlement, were absent in the previous version of the model (1990-1994) (Corrales et 
al., 2017b). Thus they were added to the baseline Ecopath model (see “Incorporating the 
impact of alien species”). Input parameters of the baseline model are fully described in 
Corrales et al. (2017b) and the new input parameters are shown in Table S1 in Annex 3.  
Ecosim is the time-dynamic module of the EwE framework and describes the temporal 
dynamics of species biomass and flows over time by accounting for changes in 
predation, consumption rate, fishing and the environment (Walters et al., 1997, 
Christensen and Walters, 2004a).  
Ecosim uses a set of differential equations to describe biomass dynamics, expressed as:  
𝑑𝐵𝑖
𝑑𝑡
 = (
𝑃
𝑄
)
𝑖
· ∑ 𝑄𝑗𝑖 − ∑ 𝑄𝑖𝑗 +  𝐼𝑖 − (𝑀𝑖 +  𝐹𝑖 + 𝑒𝑖) · 𝐵𝑖                        (Eq. 1) 
where dBi/dt is the growth rate of group (i) during time t in terms of its biomass Bi; 
(P/Q)i  is the net growth efficiency of group (i); Mi is the non-predation mortality rate; 
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Fi is the fishing mortality rate; ei is the emigration; and Ii is the immigration rate 
(Christensen and Walters, 2004a).  
Consumption rates (Qij) are calculated based on the “foraging arena” theory, which 
divides the biomass of a prey into a vulnerable and a non-vulnerable fraction and the 
transfer rate or vulnerability between the two fractions determines the trophic flow 
between the predator and the prey. The vulnerability concept incorporates density-
dependency and expresses how far a group is from its carrying capacity (Christensen 
and Walters, 2004a, Christensen et al., 2008). Default values of vulnerability (vij = 2) 
represents a mixed trophic flow, a low value (vij < 2) indicates a “bottom-up” flow and a 
situation closer to carrying capacity, while a high value (vij > 2) indicates a “top-down” 
flow and a situation further away from carrying capacity (Walters and Martell, 2004, 
Ahrens et al., 2012). For each predator-prey interaction, consumption rates are 
calculated as: 
𝑄𝑖𝑗 =
𝑎𝑖𝑗∗𝑣𝑖𝑗∗𝐵𝑖∗𝑃𝑗∗𝑇𝑖∗𝑇𝑗∗𝑀𝑖𝑗 𝐷𝑗⁄
𝑣𝑖𝑗+𝑣𝑖𝑗∗𝑇𝑖∗𝑀𝑖𝑗+𝑎𝑖𝑗∗𝑀𝑖𝑗∗𝑃𝑖∗𝑇𝑗 𝐷𝑗⁄
∗ 𝑓(𝐸𝑛𝑣𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛, 𝑡)              (Eq. 2) 
where aij is the rate of effective search for prey (i) by predator (j), Ti represents prey 
relative feeding time, Tj is the predator relative feeding time, Bi is prey biomass, Pj is 
predator abundance, Mij is the mediation forcing effects, and Dj represents effects of 
handing time as a limit to consumption rate (Christensen et al., 2008, Ahrens et al., 
2012). Environmental response functions (f(Envfunction, t)) can be used to account for 
external drivers that change overtime, such as temperature (see “Incorporating the 
impact of climate change”). In particular, the intercept between the environmental 
response function and the environmental driver is used to calculate a multiplier factor 
(Eq. 2), which then modifies the consumption rates of the functional group with a 
maximum value of 1 and declining value as the environmental driver deviates from the 
optimum values (Serpetti et al., 2017).  
A detailed explanation of the algorithms and equations of the EwE approach are given 
in Christensen and Walters (2004a) and Heymans et al. (2016). A summary of the 
Ecosim fitting procedure followed in this study is provided in Fig 3 and explained in 
detail below.  
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2.2.2. Incorporating the impact of alien species 
We reviewed the main strategies that have been used to simulate species invasion and 
their impact using EwE and specially using Ecosim modeling and the fitting procedure 
(Table 1). These strategies ranged from using time series of data of alien species to 
force their biomass (e.g., Arias-González et al., 2011) to fitting the models based mainly 
on three approaches: (1) initial biomass of alien species were set at low levels and their 
population increase was controlled by applying an artificial fishing mortality (e.g., 
Langseth et al., 2012); (2) alien species were set up with a high initial biomass and then 
were constrained by applying a high artificial fishing pressure (e.g., Kumar et al., 2016); 
and, (3) using forcing functions to remove the effect of alien species on their preys and 
predators until the year of invasion (e.g., Kao et al., 2016). In addition, other approaches 
to assess the impact of alien species without a fitting procedure were available and were 
also considered (e.g., Pinnegar et al., 2014, Libralato et al., 2015).  
 
Fig. 3. Main steps followed to fit the Ecosim model to the time series. 
Chapter 2.3 
 
106 
We adopted and modified one of the approaches proposed by Langseth et al. (2012). 
Under this strategy, we set the initial Ecopath biomass of new alien groups at the 
beginning of the temporal simulations with values equal to the 2008-2010 Ecopath 
model values (Corrales et al., 2017b). This resulted in an unbalanced flow of biomass in 
the 1990-1994 Ecopath model due to the additional predation mortality of the new alien 
groups. To correct for this, we applied a negative biomass accumulation to their prey 
equal to the amount of prey consumed by these new alien groups in the 1990-1994 
Ecopath model (see Table S1 in Annex 3). For predators that prey on these new alien 
groups, we used post-invasion contributions (as in the 2008-2010 period) of their diet to 
calculate appropriate levels of natural mortalities (M0) of the new alien groups. 
Contributions of the other groups to the diet of these predators were proportionally 
reduced so the total standardized diet was maintained at the same level.  
Table 1. Summary of methods used to maintain “low” levels and release “high” levels of new alien 
species in Ecosim time dynamics food-web models. New alien groups represent groups that invaded the 
ecosystem after the period of the Ecopath baseline model. Only models fitted to time series are included.  
Method  
Number of 
new alien 
groups 
Time series of 
alien species 
Ecopath 
biomass of alien 
species 
Reference 
Force time series 3 Forced High Langseth et al. (2012) 
Artificial fishery 1 Forced Low Arias-González et al. (2011) 
Force time series 2 Forced Low Rogers et al. (2014) 
Artificial fishery 3 Fit Low Langseth et al. (2012) 
Artificial fishery 3 Fit High Langseth et al. (2012) 
Changes in vulnerabilities 3 Fit High Langseth et al. (2012) 
Changes in vulnerabilities 2 Fit Low Kao et al. (2014a) 
Changes in vulnerabilities 3 Fit Low Kao et al. (2016) 
Artificial fishery 3 Fit High Cox and Kitchell (2004)  
Artificial fishery 1 Fit High Kumar et al. (2016) 
Artificial fishery 2 Fit Low Zhang et al. (2016) 
Force time series 2 Forced and fit High Present study 
 
In Ecosim, biomasses of these two new alien groups were forced to zero until four years 
before the invasion (2001 for new alien demersal fishes and 2000 for alien medium 
pelagic fishes) (Galil, 2007b)) (Table 2). This was done to account for the lag between 
the invasion and the discovery of the alien species, as there is a tendency to determine 
the presence of the alien species only after they have become established, especially in 
small and non-commercial species in poorly monitored areas (Azzurro et al., 2016). 
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2.2.3. Incorporating the impact of climate change 
The effect of climate change has been incorporated in Ecosim using forcing functions 
affecting the Q/B (Consumption/Biomass) ratio of selected functional groups, either by 
directly modifying their predation search rates (e.g.,Ainsworth et al., 2011, Alva-
Basurto and Arias-González, 2014, Guénette et al., 2014) or modifying production, 
consumption and mortality values (Cornwall and Eddy, 2015). 
The most recent version of the EwE software (version 6.5) allows incorporating and 
linking environmental preferences of functional groups to any number of environmental 
drivers (e.g., temperature, salinity and oxygen) as has been previously described for 
Ecospace (Christensen et al., 2014b). 
In our study, a time series of the annual sea surface temperature (SST, upper 30 m) from 
1994 to 2010 (Fig. 2b, Table 2), obtained from the Mediterranean Forecasting System 
COPERNICUS (http://marine.copernicus.eu/), was used to drive the temporal dynamics 
of sensitive functional groups with available information (mostly crustaceans and fish 
groups) (see Table S2 in online supplementary information).  
The environmental response functions (f(Envfunction, t) in Eq. 2) that link the species or 
functional groups dynamics with the environmental drivers were first obtained from 
AQUAMAPS (www.aquamaps.org) (Kaschner et al., 2006), which is a global database 
on species distribution. These environmental response functions are given as curves 
showing minimum and maximum tolerance levels and 10
th
 and 90
th
 preferable quintiles 
to the environmental parameters (in our case, temperature). As a second step, these 
functions were modified using expert opinion from scientists working in the Israeli 
Mediterranean ecosystem (mainly from Tel Aviv University) to incorporate local 
knowledge. The final environmental preferences for each functional group were 
obtained by weighting the values of the species included in a functional group to their 
relative biomass contribution to that group (see Table S2 in Annex 3). 
Although salinity also affects the marine resources in the Eastern Mediterranean Sea 
(Mavruk and Avsar, 2008), this factor was not considered in this study as data on the 
environmental responses of many species was lacking.  
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Table 2. Information on the time series used to fit the Israeli Mediterranean continental shelf ecosystem 
model to data. Data are organized by (see 3 rightmost columns) drivers, biomass forcing data and 
reference data for evaluating model fit. Dem: demersal. 
Functional group Time series of data Coverage 
To drive the 
model 
To force 
the 
biomass 
To compare 
predicted 
results 
1. Phytoplankton Relative Biomass 1998-2010 
  
x 
8. Native shrimp; 9. Alien shrimp; 11. 
Alien crabs; 13. Benthic cephalopods; 14. 
Benthopelagic cephalopods, 17. Hake; 18. 
Flatfishes; 25. Alien lizardfish; Demersal 
fishes (upper slope) 
Relative Biomass 1994, 2000, 2010 
  
x 
Total Catch 1994-2010 
  
x 
15. Mullets; 16. Goatfishes 
Relative Biomass 1994, 2000, 2010 
  
x 
Total Catch 1994, 2000, 2008, 2009, 2010 
   
19. Rocky fishes, 20. Small native dem. 
fishes; 21. Large native dem. fishes; 22. 
Alien herbivorous;  23. Earlier alien dem. 
fishes; 27. Benthopelagic fishes; 29. 
Demersal sharks; 30. Rays and skates 
Relative Biomass 1994, 2000, 2010 
  
x 
Total Catch 1994-2010 (except 2008) 
  
x 
24. New alien dem. fishes 
Absolute Biomass 1994-1997 
   
Relative Biomass 1994, 2000, 2010 
  
x 
Total Catch 2002-2010  
  
x 
31. Small pelagic fishes; 32. Horse 
mackerel; 33. Mackerel, 34. Native 
medium pelagic fishes; 36. Large pelagic 
fishes 
Total Catch 1994-2010 (except 2008) 
  
x 
35. Alien medium pelagic fishes 
  
Absolute Biomass 1994-1996 
 
x 
 
Total Catch 2005-2010 (except 2008) 
  
x 
 
Relative effort (all fleets) 1994-2010 x 
  
 
Environmental driver 
(temperature) 
1994-2010 x 
  
 
2.2.4. Time series of fishing and the fitting to time series 
In addition to alien species and SST changes, we compiled available time series of 
fishing activities to drive fisheries in the model (Table 2). These included data on 
nominal fishing effort, expressed in number of days at sea, obtained for trawls, purse 
seine and artisanal fleets (Fig. 2a). Data were obtained from the Fisheries Department of 
the Ministry of Agriculture and Rural Development of Israel. Fishing effort for the 
recreational fishers was estimated based on catch reconstruction efforts (Edelist et al., 
2013b), as no data were available from official sources (Fig. 2a).  
Available relative observed biomass and absolute observed catch data were used to 
compare model outputs (Table 2). Ecosim allows the incorporation of biomass and 
catch data as absolute or relative values (Christensen et al., 2008). When these data are 
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introduced as relative values, Ecosim tries to fit the trends rather than absolute values. 
Relative observed biomass data for most of the demersal groups were obtained from 
fishery dependent trawl surveys (swept-area method) conducted in the study area during 
three time periods (1990-1994, 2000 and 2008-2010) (Edelist et al., 2011, Edelist et al., 
2013a). In relation to the 1990-1994 and 2008-2010 biomass dataset, we used average 
values due to the large variability in the data and the uncertainty of the fishery 
dependent survey. Absolute observed catch data were obtained from a reconstruction of 
Israeli catches, which included both commercial fleet and discards, the recreational fleet 
and the Illegal, Unregulated and Unreported catch (IUU) (Edelist et al., 2013b).  
To fit the Ecosim model to these time series of observed data for the 1994-2010 period, 
we used the Stepwise Fitting Procedure (Scott et al., 2016), which automates the model 
fitting procedure described by Mackinson et al. (2009a) and Heymans et al. (2016). The 
fitting procedure tests alternative hypotheses related to the impact of fishing, changes in 
predator-prey dynamics (vulnerabilities), changes in primary production (production 
anomalies) or all of the above together (Table 3) (Mackinson et al., 2009a, Heymans et 
al., 2016). A primary production anomaly is a forcing function applied to the primary 
production rate (in our study both phytoplankton and benthic primary producers) that 
may represent historical productivity changes impacting biomasses through the 
ecosystem. During the fitting procedure, vulnerabilities and production anomalies were 
estimated to improve model fits by comparing model predictions to observed data using 
the sum of squares (SS) statistics. The fitting procedure finds the statistically “best fit” 
model based on Akaike’s Information Criterion (AIC), which penalizes for estimating 
too many parameters based on the number of time series available for estimating the SS 
(Mackinson et al., 2009a, Heymans et al., 2016): 
AIC = n·log(minSS/n) + 2k             (3) 
where n is the number of observations, minSS is the minimum sum of squares calculated 
by the algorithm as a result of comparing predicted versus observed values, and k is the 
number of parameters. This number can include changes in vulnerabilities (Vs), changes 
on primary production anomaly (expressed as number of spline points (PPsp), which 
smooth the time series of the PP anomaly) or changes in both (Mackinson et al., 2009a, 
Heymans et al., 2016). The maximum total number of parameters that can be estimated 
(Vs, PPsp or Vs + PPsp) is k-1, where k is the number of observed time series (in this 
Chapter 2.3 
 
110 
case biomass and catch time series) (Mackinson et al., 2009a, Heymans et al., 2016). In 
this study, the maximum number of parameters that could be estimated was 47 (there 
were 48 time series of biomass and catch). We used the corrected Akaike’s Information 
Criterion (AICc), calculated as follows:  
AICc = AIC + 2k·(k-1)/(n-k-1)                    (4) 
To choose the best final model, the last step is to manually evaluate whether if the 
parameterization process leads to credible and sensible behavior (Heymans et al., 2016). 
Table 3. Fitting procedure applied to the Israeli Mediterranean continental shelf model. The procedure 
follows the methodology suggested by Mackinson et al. (2009a) and Heymans et al. (2016).   
 Step Description 
1. Baseline 
No environmental or fishery data are used to drive the model. All 
vulnerabilities with default values (vij=2) 
2. Baseline and trophic interactions 
No environmental or fishery data are used to drive the model. 
Vulnerabilities are estimated using the "fit to time series" module  
3. Baseline and environment 
No fishery data is used to drive the model. All vulnerabilities with 
default values (vij=2). The "PP anomaly" is estimated using the "fit 
to time series" module 
4. Baseline, trophic interactions and 
environment 
No fishery data is used to drive the model. Vulnerabilities and the 
"PP anomaly" are estimated using the "fit to time series" module 
5. Fishery 
Fishing effort is included to drive the model. No environmental data 
is used to drive the model. All vulnerabilities with default values 
(vij=2) 
6. Fishery and trophic interactions 
Fishing effort is included to drive the model. No environmental data 
is used to drive the model.  Vulnerabilities are estimated using the 
"fit to time series" module  
7. Fishery and environment 
Fishing effort is included to drive the model.  All vulnerabilities 
with default values (vij=2). The "PP anomaly" is estimated using the 
"fit to time series" module 
8. Fishery, trophic interactions and 
environment 
Fishing effort is included to drive the model. Vulnerabilities and the 
"PP anomaly" are estimated using the "fit to time series" module 
 
2.2.5. Importance of the drivers in historical biomass dynamics 
To evaluate the importance of predator-prey interactions (vulnerabilities), climate 
change and fishing on the dynamics of functional groups, we ran the fitted Ecosim 
model three times, each time minimizing the effect of: (1) trophic interactions, which 
were set to the initial default value (vulnerability = 2); (2) temperature, which was kept 
constant over time; and, (3) fishing effort for all the fleets, which was kept constant over 
time.  
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2.3. Ecological indicators and uncertainty 
Once the fitting procedure was completed, we used the best fit model to examine 
biomass and catch time series predicted by the model to explore the dynamics of 
functional groups, especially those related to alien species.  
In addition, a selection of ecological indicators was used to describe ecological changes 
in the ecosystem over time. To calculate the ecological indicators we used the recently 
developed ECOIND plug-in (Coll and Steenbeek, 2017) and the Ecological Network 
Analysis (ENA) module in EwE. The indicators selected for this analysis were: 
(1) Total biomass (excluding detritus) (t·km-2), which includes biomass of all the 
functional groups excluding detritus (detritus and discards). This indicator was 
used to quantify changes at the whole ecosystem level (Heymans et al., 2014).  
(2) Forage fish biomass (t·km-2), which includes the biomass of benthopelagic and 
small pelagic fishes, mackerel and horse mackerel. This indicator was analyzed 
to quantify changes in the pelagic compartment (Hilborn and Walters, 1992).  
(3) Predatory biomass (t·km-2), which includes biomass of all the groups with 
trophic level (TL) ≥ 4 and tends to decrease with increasing fishing impact in 
marine ecosystems (Rochet and Trenkel, 2003). 
(4) Invertebrate biomass (t·km-2), which includes biomass of benthic invertebrates 
groups. This indicator was used to assess the dynamics of benthic invertebrates 
in the ecosystem, which tend to benefit from reductions of fish and predator 
biomass (Pauly et al., 1998). 
(5) Demersal fish biomass (t·km-2), which includes biomass of all the fish groups in 
the demersal compartment. This indicator was analyzed in order to quantify 
changes to the demersal compartment (Hilborn and Walters, 1992). 
(6) Kempton’s index, which expresses biomass diversity by considering those 
organism with TL ≥ 3 and tends to decrease with ecosystem degradation 
(Kempton and Taylor, 1976).   
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(7) Mean TL of the community (mTLco), which expresses the TL of the whole 
ecosystem, reflects the structure of the ecosystem and is used to quantify the 
impact of fishing (Rochet and Trenkel, 2003) .  
(8) Mean TL of the catch (mTLc), which expresses the TL of the catch, reflects the 
fishing strategy of the fleet and is used to quantify the impact of fishing (Pauly 
et al., 1998). 
(9) Total catch (t·km-2·year-1), which includes the annual catches of the different 
fleets and provides an idea of total fisheries removals (Hilborn and Walters, 
1992). 
(10) Total System Throughput (t·km-2·year-1) (TST), which estimates the total flows 
in the ecosystem and is a measure of ecosystem size (Ulanowicz, 1986). 
(11) Finn’s Cycling Index (FCI, %), which represents the proportion of the TST that 
is recycled in the system and is an indicator of stress and structural differences (Finn, 
1976). 
(12) Path length (PL), defined as the average number of groups that flows through, 
which is an indicator of stress (Christensen, 1995). 
We addressed the uncertainty in Ecopath input parameters on Ecosim outputs (biomass 
and catch trends, and ecological indicators) by using the Monte Carlo (MC) uncertainty 
routine (Heymans et al., 2016, Coll and Steenbeek, 2017). We ran 1000 MC simulations 
based on the coefficient of variation obtained from the pedigree routine, which assesses 
the quality of the input data (Corrales et al., 2017b). Results from the MC simulations 
were used to plot the 5
th
 and 95
th
 percentile confidence intervals for the fitted biomass 
and catch trends and for ecological indicators. For ENA indicators (TST, FCI and PL), 
we used the recently developed ECOSAMPLER plug-in (Steenbeek et al., 2018), which 
creates a number of alternative balanced Ecopath models from MC runs, to assess 
uncertainty analyses in EwE results. Finally, we used Spearman’s rank correlation to 
evaluate the correlation between model results (time series of biomass, catch and 
ecological indicators) with time.  
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3. Results 
3.1.  Fitting of the model and final model configuration 
The best fit model was obtained when trophic interactions, fishing and primary 
production anomaly were included in the model configuration (Step 8 in Table 4). The 
parameterization with 23 vulnerabilities (trophic interactions between predators and 
their prey) and 2 spline points was identified as the best model based on the AICc test 
criteria (Step 8 in Table 4). However, this model was not able to reproduce the trends of 
alien shrimps and earlier alien demersal fishes satisfactorily, which are target groups of 
the study.  
Therefore, we moved through the fitting procedure analysis to find the model that was 
able to reproduce the trends of most of the groups and still showed credible statistical 
behavior. We finally choose a model fit with 32 vulnerabilities and 2 spline points as the 
best fit model although the improvement of the model fits was reduced (Step 8 in Table 
4).  
Table 4. Results of the fitting procedure of the Israeli Mediterranean continental shelf ecosystem fitted to 
time series of data from 1994 to 2010. The table shows the statistically “best” model for each step. Vs is 
the number of vulnerabilities estimated, PPsp is the number of primary production spline points, k is the 
number of parameters (Vs + PPsp) and %IF is the improved fit compared to the baseline AICc. The 
“best” model chosen in this study is highlighted in bold.  
Step Vs PPsp k SS AICc %IF 
1. Baseline 0 0 0 229.8 -309.1  
2. Baseline and trophic interactions 12 0 12 151.9 -471.7 52.6 
3. Baseline and environment 0 3 3 224.9 -312.7 1.2 
4. Baseline, trophic interactions and environment 36 3 39 119.5 -513.2 66.0 
5. Fishery 0 0 0 220.5 -327.8 6.1 
6. Fishery and trophic interactions 22 0 22 133.6 -506.8 64.0 
7. Fishery and environment 0 3 3 215.2 -332.9 7.7 
8. Fishery, trophic interactions and environment       
 23 2 25 114.9 -568.0 83.8 
 32 2 34 121.9 -517.9 67.6 
 
3.2.  Importance of ecosystem drivers 
The best fit model improved the fit by 67.6% over the baseline model (Step 8 in Table 
4). Our results showed that trophic interactions were the main factor explaining the 
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historical dynamics (1994-2010) of marine resources (an average of 28.1% of the 
variability, ± 11.6%), followed by climate change (12.1%), fishing (8.1 ±7.7%) and 
changes in primary production (4.7 ±4.1%) (Fig. 4). 
 
Fig. 4. Diagnostic of the model fitting process. Each step on the x-axis represents a step in the model 
fitting process (including the effects of the rise in temperature, Table 4) to minimize the sum of squares 
(SS, left y-axis) and their contribution (% SS reduction, right Y axis) and standard deviation. Standard 
deviation was calculated based on the different order according to which the drivers were included to 
reduce SS during the fitting process. Rise in temperature does not have a standard deviation because it 
was included before the fitting process. PP: primary production. 
3.3.  Historical biomass and catch trends by species and group 
Observed biomass and catch time series were satisfactorily reproduced by model 
predictions (Fig. 5 and 6) when using the best fit model (32 vulnerabilities and 2 spline 
points). Overall, alien shrimps (Fig. 5b and 6b), hake (Fig. 5f and 6f), small native 
demersal fishes (Fig. 5h and 6h), earlier alien demersal fishes (Fig. 5j and 6j), new alien 
demersal fishes (Fig. 5k and 6k) and alien lizardfish (Fig. 5l and 6l) showed the best 
fits, while benthic cephalopods, benthopelagic cephalopods, demersal fishes (upper 
slope), benthopelagic fishes, mackerel and horse mackerel were the least well fitted 
(Fig. S1 and S2 in Annex 3).  
The model also provided predicted biomass trends for 17 functional groups (Fig. 5o-r 
and Fig. S1b-g,i,o-u in online supplementary information) that lacked historical 
observations to be used in the fitting. However, we had catch data for 7 of these 17 
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functional groups (Fig. 6 and Fig. S2 in Annex 3). In these cases, model predictions 
satisfactorily matched observed catch data except for large pelagic fishes, where the 
catches were underestimated (Fig. 6r), attesting to the migratory nature of these species 
and the “hit or miss” nature of pelagic fisheries. 
 
Fig. 5. Predicted (solid lines) versus observed (dots) biomass (t·km
-2
) for the groups with available data 
for the Israeli Mediterranean continental shelf ecosystem model for the period 1994-2010. No data are 
available for the last 4 groups related to pelagic species. Grey shadows represent the 5% and 95% 
percentiles obtained using the Monte Carlo routine.  
The model showed a decreasing historical pattern for the biomasses of several groups 
(Fig. 5). For example, mullets (Fig. 5d), hake (Fig. 5f) and large native demersal fishes 
(Fig. 5i) showed a large and significant decline. Small native demersal fishes did not 
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showed a significant decreasing trend, decreasing at the beginning of the simulation, 
followed by an increase from 1997 to 2001 and a decrease from 2002 to 2010 (Fig. 5h). 
On the contrary, alien shrimps (Fig. 5b), alien crabs (Fig. 5c), goatfishes (Fig. 5e), 
earlier alien demersal fishes (Fig. 5j), new alien demersal fishes (Fig. 5k) and alien 
medium pelagic fishes (Fig. 5q) showed significant increasing biomass trends. 
Catch time series estimated by Ecosim showed similar trends as those observed for 
biomass (Fig. 6 and see Fig. S2 in Annex 3). For example, we observed significant large 
declines for mullets (Fig. 6d), hake (Fig. 6f) and large native demersal fishes (Fig. 6i), 
while all alien groups showed significant increasing trends (Fig. 6b,c,e,j,k,q) except 
alien lizardfish (Fig. 6l). For rocky fishes, although biomass trends showed a significant 
decrease (Fig. 5g), catches increased significantly (Fig. 6g) due to the growing impact 
of recreational fishers (Fig. 2a). Overall, catches predicted by the model satisfactorily 
matched observed data (Fig. 6). Despite this, the model at times overestimated (e.g. 
small pelagic fishes) (Fig. 6o) or underestimated (e.g. demersal sharks) (Fig. 6m) 
catches.  
Trends in dynamics of alien groups were well reproduced (Fig. 5b,c,e,j,k,l,q and 
6b,c,e,j,k,l,q). Remarkably, the model was able to simulate the invasion and population 
dynamics of the new alien groups: new alien demersal fishes and alien medium pelagic 
fishes relatively well (Figs. 5k,q and 6k,q). The predicted biomass of new alien 
demersal fishes was slightly higher than the observed biomass although not enough data 
were available to establish a clear pattern (Fig. 5k). The predicted catch of this group 
satisfactorily matched observed data, although a clear overestimation occurred in 2006 
(Fig. 6k). We were not able to compare predicted biomass of alien medium pelagic 
fishes to observed data as no data were available (Fig. 5q). The predicted catch of this 
group was reproduced relatively well although it was slightly underestimated (Fig. 6q). 
Moreover, although the catch time series started at 2005, the first species of this group 
that invaded the ecosystem was recorded in 2000.  
In most cases, the main driver of population dynamics was trophic interactions (Fig. 7). 
In addition, results showed that the rise in temperature and fishing played an important 
role in the dynamics of small native demersal fishes, alien lizardfish and earlier alien 
demersal fishes. For mullets, the rise in temperature was the main driver while it also 
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played an important role for hake. Fishing was an important driver for large native 
demersal fishes (Fig. 7).   
 
Fig. 6. Predicted (solid lines) versus observed (dots) catches (t·km
-2
·yr
-1
) for the groups with available 
data for the Israeli Mediterranean continental shelf ecosystem model for the period 1994-2010.  
3.4. Ecological indicators 
Indicators related to alien species showed the growing impact of these groups in the 
ecosystem. For example, total biomass of alien species increased from 0.19 to 0.59 
t·km
-2 
(Fig. 8a), representing 8.9% and 25.2% of the total biomass, respectively, if we 
include all the groups with sufficient information to split between native and alien 
species (shrimps, crabs, cephalopods and fishes). Biomass of alien invertebrates and 
demersal fish groups increased from 0.07 and 0.12 to 0.20 and 0.37 t·km
-2
,
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(Fig. 8a), which represents an increase from 29.3% and 19.2% to 51.4% and 52.3% of 
the biomass of crustaceans (shrimps and crabs) and fishes, respectively. The analysis of 
the catch showed similar patterns to those observed in the biomass (Fig. 8b). Total catch 
of alien groups increased from 0.12 to 0.31 t·km
-2
·year
-1 
(Fig. 8b), which represents an 
increase from 14.2% to 33.1%. By groups, this increase was from 0.03, 0.09 and 0 to 
0.08, 0.22 and 0.01 t·km
-2
·year
-1 
for invertebrates, demersal fishes and pelagic fishes, 
respectively (Fig. 8b), that represents an increase from 39.5%, 21.1% and 0% to 62.7%, 
47.3% and 3.5% for invertebrates, demersal fishes and pelagic fishes, respectively (Fig. 
8b). 
 
Fig. 7. Predicted (solid lines) versus observed (dots) biomass (t·km
-2
) for (a) hake, (b) large native 
demersal fishes, (c) mullets, (d) small native demersal fishes, (e) alien lizardfish and (f) earlier alien 
demersal fishes, when one of the drivers (trophic interactions, temperature, or fishing effort) were 
maintained constant in the Ecosim module, for the period 1994-2010. 
Other ecological indicators also showed that the ecosystem changed from 1994 to 2010 
(Fig. 9). For example, we observed a significant increasing trend of total biomass 
(excluding detritus) (Fig. 9a) and a non-significant decreasing trend of forage fish 
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biomass (Fig. 9b). Predatory biomass did not show a significant trend although it 
showed a decreasing trend at the beginning of the simulation followed by an increasing 
trend at the end (Fig. 9c). Invertebrate biomass and demersal fish biomass showed a 
significant increasing trend (Fig. 9d,e). The Kempton’s index fluctuated in time with a 
non-significant decreasing pattern (Fig. 9f). The mTLco showed a non-significant 
decreasing trend (Fig. 9g), while the mTLc showed an overall significant increasing 
pattern, firstly decreasing and later increasing with time (Fig. 9h). Total catch presented 
several strong fluctuations in time with an overall significant increasing trend (Fig. 9i). 
TST showed a significant increasing trend (Fig. 9j), in line with total biomass 
(excluding detritus). FCI and PL presented a significant decreasing pattern (Fig. 9l).  
 
Fig. 8. Simulated (a) total biomass (t·km
-2
) and (b) catch (t·km
-2
·yr
-1
) (b) of different groups of alien 
species for the period 1994-2010 for the Israel Mediterranean continental shelf ecosystem.  
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Fig. 9. Ecological indicators estimated for the period 1994-2010 from the Israel Mediterranean 
continental shelf ecosystem. mTLco: mean trophic level of the community; mTLc: mean trophic level of 
the catch; TST: Total System Throughput; FCI: Finn’s Cycling Index; PL: Path length. Grey shadows 
represent the 5% and 95% percentiles obtained using the Monte Carlo routine.   
4. Discussion 
4.1. Ecosystem drivers of the Israeli Mediterranean continental shelf ecosystem  
Our model explained a large proportion of the variability of available time series from 
1994 to 2010 when trophic interactions, fishing and primary production anomaly were 
considered. Our results showed that trophic interactions explained the highest 
variability, highlighting the importance of trophic interactions in marine food web 
dynamics, as previously documented (Shannon et al., 2004, Coll et al., 2008c, Coll et 
al., 2009).  
In addition, climate change (included as an increase in sea surface temperature) 
explained a large proportion of the variability, indicating its impacts on the Israeli 
Mediterranean marine ecosystem. This is in line with the fact that climate change is 
strongly impacting marine ecosystems worldwide (Harley et al., 2006, Hoegh-Guldberg 
and Bruno, 2010) and particularly the Mediterranean Sea (Ben Rais Lasram et al., 2010, 
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Lejeusne et al., 2010, Moullec et al., 2016). Currently, the Mediterranean Sea is under a 
process of “meridionalization” and “tropicalization” of the northern and southern 
sectors, respectively, mainly due to the northward extension of native thermophilic 
species and the introduction of alien species through the Suez Canal and the Strait of 
Gibraltar (Bianchi, 2007, Bianchi et al., 2013). Fish assemblages are expected to be 
significantly modified as a result of climate change (Ben Rais Lasram et al., 2010, 
Albouy et al., 2012), with potential effects on marine food webs and ecosystem 
structure (Albouy et al., 2014), especially in the Levantine Sea due to its “naturally” 
extreme environmental conditions and the current rise in temperature.  
Results also highlighted that fishing was an important historical driver of the ecosystem, 
especially for the exploited invertebrate and fish populations. It is noteworthy, however, 
that the fishing effort of the Israeli fleet has declined over the past two decades (Edelist 
et al., 2013b).  
Changes in primary production, captured in our model with the primary production 
anomaly (PP anomaly), represent the temporal variation of the primary productivity of 
the system and explained a smaller proportion of data variability. The PP anomaly 
predicted by the model showed an increasing trend (see Fig. S3 in online supplementary 
material). This might be related to the nutrient enrichment from anthropogenic sources 
during the last decades in Egypt and Israel (Nixon, 2003, Suari and Brenner, 2015). This 
enrichment followed the drastic reduction in PP in the 1970s, when the flow of nutrient-
rich Nile waters was substantially reduced by the construction of the Aswan High Dam 
(Nixon, 2004). The south eastern Mediterranean is characterized by extreme 
oligotrophic conditions (Azov, 1991), so local nutrient enrichment from land origins 
could play an important role as it may significantly enhance primary productivity at 
local scales (Barale et al., 2008, Macias et al., 2014, Suari and Brenner, 2015). Yet, in 
our ecosystem and as shown in the results, changes in PP seemed to have only 
marginally explained the variation of observed biomass and catch data.  
4.2.  Biomass and catch trends  
Our results showed changes in the temporal dynamics of marine resources from 1994 to 
2010. Even though hundreds of species have invaded the Mediterranean Sea (Galil et 
al., 2014a), causing the collapse of several native species (Edelist et al., 2013a) and 
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rising concerns about dire consequences for Mediterranean marine ecosystems (Galil et 
al., 2015), quantitative studies that explain these changes and impacts of alien species 
are scarce (Rilov and Galil, 2009, Golani, 2010). For example, little is known about the 
dependency of population dynamics on environmental factors and the trophic 
interactions between alien and native species. Despite this, individual cases and general 
knowledge can be used to support and explain our results.  
In general, our study revealed three main patterns: (1) native demersal predators, such 
as hake and large native demersal fishes decreased over time; (2) native medium trophic 
level fishes largely decreased (mullets) or slightly decreased with time (rocky fishes and 
small native demersal fishes); and (3) an increase over time of alien species, mainly low 
and medium trophic levels (alien crabs and shrimps, alien herbivores, earlier alien 
demersal fishes and new alien demersal fishes), but also high trophic levels (medium 
alien pelagic fishes). This was especially obvious at the end of the analyzed time period.  
The first pattern (a decreasing trend for native demersal predators) is related to the 
impact of fishing activity, due to the high fishing mortalities, but could also be due to 
the negative impact of increasing temperatures and trophic interactions. In the current 
study we have shown that an important driver for the decline in large native demersal 
fishes was fishing. The decline of predators due to overfishing has been observed 
worldwide (Pauly et al., 1998, Jackson et al., 2001) and also in the Mediterranean 
(Ferretti et al., 2008, Maynou et al., 2011). This is in line with studies at sub-regional 
levels, as e.g., the Catalan (Coll et al., 2008c), Adriatic (Coll et al., 2009) and Ionian 
Seas (Piroddi et al., 2010); and at regional level, as e.g., the whole Mediterranean Sea 
(Piroddi et al., 2017). For hake, we observed that the rise in temperature and trophic 
interactions were the main drivers. This is in line with studies that showed that the 
decline in hake in the Levantine Sea can be attributed to oceanographic changes, 
overfishing, increase in temperature and the competition for resources with the alien 
lizardfish. These have led to its bathymetric displacement to deeper waters (Galil, 
2007a, Gucu and Bingel, 2011, Halim and Rizkalla, 2011, Edelist, 2012).  
The second pattern (a decreasing trend for native medium TL fishes) may be related to 
the cumulative impacts of fishing, climate change and competition for resources. For 
example, the large decrease in mullets in Israel has been attributed to competition for 
resources with their alien competitor (goatfishes) and the warming of the waters. This 
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could have caused a bathymetric separation of these groups (Golani, 1994), as 
goatfishes currently dominate shallow strata (0 to 100 m) while mullets occupy deeper 
waters, although it seems that goatfishes have recently extended their bathymetric 
distribution (Edelist et al., 2013a). In addition, mullets have suffered high fishing 
mortality. Other native groups such as rocky fishes and small native demersal fishes 
decreased slightly over time. For these groups, we observed increasing fishing 
mortalities, mainly related to the increasing impact of recreational fishers, as in other 
Mediterranean areas (Pauly et al., 2014). Moreover, reductions in abundance and 
catches, and the displacement to deeper waters of native species that coincided with the 
explosion of alien species have been documented (Edelist et al., 2013a). For example, 
the native porgy Pagellus erythinus has been displaced by the alien Nemipterus 
randalli. The reasons are poorly studied but a competitive exclusion between species 
related to the rise in temperature and trophic interactions have been suggested (Golani, 
1998, Galil, 2008).  
The third pattern (an increasing trend for invasive species) may be related to the 
combination of several factors such as the existence of underexploited niches in the 
ecosystem, overexploitation of native species, possible better adaptation and 
competitive properties of invaders and more favorable environmental conditions in the 
Eastern Mediterranean Sea as a result of climate change (Galil, 2008, Rilov and Galil, 
2009, Edelist et al., 2011). In addition, the large increase in alien species (of low and 
medium trophic levels) could be attributed to the increase in primary production and the 
decrease in some top predators, which implies more food supply and could lead to 
increases in their prey species, respectively. In our study we observed an increase in 
invertebrate biomass (the main prey for these groups), a decrease in top predators and 
the importance of the rise in temperature for their dynamics.  
4.3.  Ecological indicators 
Trends in ecological indicators documented ecological changes in the ICS ecosystem as 
a whole. For example, along the Israeli Mediterranean coast, alien species have become 
an important part of the ecosystem, as biomass and catches of alien species have 
increased with time, altering the structure of the food web.  
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We observed a large decrease in predators at the beginning of the period due to the 
decline in hake, large native demersal fishes and alien lizardfish. Since 2007, predatory 
biomass has increased due to the recovery of alien lizardfish and the explosion of 
medium alien pelagic fishes. This result is in line with the Kempton’s index, which 
includes species or groups with TL ≥ 3. In addition, demersal fish biomass increased 
due to the explosion of demersal alien species, mainly medium trophic level species. 
The decline in mTLco and mTLc observed in our study coincides with more general 
trends observed in many marine ecosystems that are caused mainly by overfishing 
(Pauly et al., 1998). The depletion of top predators and biological invasions, 
predominantly by organisms with low TL, have caused a decrease in the TL of many 
marine ecosystems (Byrnes et al., 2007). Our results show that mTLco has decreased 
slightly over time with a stable trend at the end of the period. However, in our study, we 
observed that mTLc has decreased and later increased. This is due to the depletion of 
top predators at the beginning of the period, the recovery of alien lizardfish afterwards 
and the increasing importance of alien species (medium and high trophic levels) in the 
catch. Indeed, alien medium trophic level species (earlier alien demersal fishes and new 
alien demersal fishes) have higher trophic levels than native medium trophic level 
species (rocky fishes and small native demersal fishes), as highlighted by Fanelli et al. 
(2015) and Goren et al. (2016).  
Our results indicate a small but significant increase in TST with time. Finn (1976) 
suggested that an increase or decline in the TST could be a sensitive indicator of the 
state of the ecosystem, as it indicates if the ecosystem is in equilibrium. The increase in 
TST indicates that the ecosystem is not at equilibrium and may be a result of higher 
primary productivity with time that leads to an increase in the total production of the 
system, especially at low trophic levels, and of the increasing importance of alien 
species in the ecosystem. The FCI and PL showed a moderate decreasing trend. Odum 
(1969) found that cycling increases as systems mature (and thus FCI increases) and PL 
increases with maturity, with the opposite trends expected in stressed ecosystems 
(Odum, 1985). Therefore, our results suggest a degradation trend of the food web during 
the simulated period.  
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4.4. Model assumptions and limitations 
Modeling marine food webs is challenging due to their complexity, significant data 
requirements and high uncertainty, which requires the setting of different assumptions 
(Plagányi, 2007, Fulton, 2010, Rose et al., 2010). In addition, our understanding of the 
impact of individual stressors is limited and we have less understanding of the 
cumulative impact that different stressors would have on marine organisms and 
ecosystems. However, during the last decades, the data available for marine ecosystems 
has increased substantially and models have made considerable progress. 
Several information gaps about the ecosystem of the Eastern Mediterranean Sea were 
identified by Corrales et al. (2017b), which are mainly related to the pelagic 
compartment, benthic invertebrates and the reliability of catch data. In addition, the 
current study highlights a lack of historical biomass time series, as only a few data 
points were available through the analysis of three surveys conducted in the study area. 
This limited our knowledge of historical trends in marine resources and therefore, the 
capability of the model to capture these patterns.  
Temperature responses/preferences are key components for understanding the impact of 
climate change on marine ecosystems and therefore, marine organisms (Madeira et al., 
2012). However, temperature responses of organisms are subject to uncertainty. In this 
study, the baseline information came from a general database (AQUAMAPS) (Kaschner 
et al., 2006). This is a very comprehensive database; however, it does not account for 
regional or sub-regional differences/preferences of species environmental responses, 
implying high uncertainty. To compensate for this somewhat we incorporated expert 
local knowledge and corrected the general information. Although temperature is the 
most important environmental factor in driving population dynamics (Por, 1978a), 
salinity has been suggested to be an important factor to consider (Mavruk and Avsar, 
2008). However, this factor was not considered in the study due to the lack of data 
regarding the response of organisms to changes in salinity. This represents a limitation 
of the model, which should be addressed in the future.  
In addition, this study only included fish and crustacean (shrimps and crabs) alien 
species. At present, reliable information on ecological characteristics such as 
reproduction, habitat, trophic position and depth is available for most introduced fish 
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species and some crustaceans species (Rilov and Galil, 2009), but not for other groups, 
such as polychaetes, mollusks and jellyfish. Since biological invasions of other groups 
seems to be of the same magnitude or even larger (Rilov and Galil, 2009, Galil et al., 
2014a), this limits our ability to assess the overall impact of alien species on this 
ecosystem and our estimation is likely conservative. 
In order to assess the effect of uncertainty of the model parameters we applied a MC 
sampling routine. Our results show that uncertainty was generally high and varied 
among the functional groups. This is due to the high uncertainty of the initial Ecopath 
inputs and highlights the need of additional and accurate data. Recognizing this 
uncertainty is essential if this information is used for management advice. 
Despite these limitations, this study included the best available data and thus is the best 
available representation of historical trends of the ICS ecosystem and a step forward in 
understanding its functioning. As new information is generated, the model should be 
updated and its quality improved.  
5. Concluding remarks   
This study represents the first example of a food-web model fitted to time series in the 
Eastern Mediterranean Sea to quantify the impact of multiple stressors. Our results 
show that trophic interactions, fishing activities and environmental factors (rise in 
temperature and primary production anomaly) played an important role in the historical 
dynamics of the Israeli Mediterranean continental shelf ecosystem from 1994 to 2010.  
Our results highlight important changes in the biomass of several functional groups and 
species, such as a decrease in native top predators, a decrease in native medium trophic 
levels and an explosion of alien species, mainly medium trophic level organisms. 
Results from ecological indicators show a trend of ecosystem degradation over time. 
Future work may include the development of forecasting scenarios in order to evaluate 
future cumulative impacts of multiple stressors to the Israeli Mediterranean continental 
shelf ecosystem. These scenarios can include different fishing management options, rise 
in temperature following Intergovernmental Panel on Climate Change (IPCC) 
projections and prognoses of increasing impact of alien species.  
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2.4. Future scenarios of marine resources and 
ecosystem conditions in the Eastern Mediterranean 
under the impacts of fishing, alien species and sea 
warming. 
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Abstract 
Using a temporal-dynamic calibrated Ecosim food web model, we assess the effects of 
future changes on marine resources and ecosystem conditions of the Israeli 
Mediterranean continental shelf. This region has been intensely invaded by Indo-Pacific 
species. The region is exposed to extreme environmental conditions, is subjected to high 
rates of climate change and has experienced intense fishing pressure. We test the 
impacts of a new set of fishing regulations currently being implemented, a continued 
increase in sea temperatures following IPCC projections, and a continued increase in 
alien species biomass. We first investigate the impacts of the stressors separately, and 
then we combine them to evaluate their cumulative effects.  
Our results show overall potential future benefits of fishing effort reductions, and 
detrimental impacts of increasing sea temperature and increasing biomass of alien 
species. Cumulative scenarios suggest that the beneficial effects of fisheries reduction 
may be dampened by the impact of increasing sea temperature and alien species when 
acting together. These results illustrate the importance of including stressors other than 
fisheries, such as climate change and biological invasions, in an ecosystem-based 
management approach. These results support the need for reducing local and regional 
stressors, such as fishing and biological invasions, in order to promote resilience to sea 
warming.  
Keywords: Food web model, Eastern Mediterranean Sea, cumulative impacts, future 
scenarios. 
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1. Introduction  
Marine ecosystems have been increasingly altered worldwide by a diversity of global, 
regional and local anthropogenic stressors. These stressors include climate change, 
biological invasions, overexploitation, pollution and habitat destruction and often co-
occur in time and space and have cumulative effects (Costello et al., 2010, Halpern et 
al., 2015a). Such ecosystem changes can have large consequences on species abundance 
and distributions, marine biodiversity, and ecosystem functioning and services (Worm 
et al., 2006, Pereira et al., 2010, McCauley et al., 2015). 
Despite increasing knowledge about the impacts of single stressors on marine 
populations, habitats and ecosystems, the cumulative effect of multiple stressors 
remains largely unknown (Crain et al., 2008, Côté et al., 2016). In addition, marine 
populations, habitats, and their ecosystems are affected by environmental fluctuations 
(Cury et al., 2008, Link et al., 2010). Therefore, understanding how multiple human 
threats, marine organisms, and ecosystems interact and influence each other is an issue 
of pressing importance. To address this challenge, a shift towards a more 
comprehensive analysis and management of human activities is required, as emphasised 
by the ecosystem-based management (EBM) approach (Rosenberg and McLeod, 2005, 
Leslie and McLeod, 2007).  
The EBM approach has sparked great interest among the scientific community and new 
tools have been developed in recent decades. Within this context, ecosystem modelling 
approaches have increasingly been adopted as useful tools to study marine ecosystems 
as a whole and to forecast ecosystem dynamics and develop and test future scenarios for 
marine ecosystems (Fulton et al., 2011, Christensen, 2013, Acosta et al., 2016). 
Ecosystem models and ecological forecasts face several obstacles linked to ecosystem 
characteristics and include high uncertainty (Link et al., 2012, Maris et al., 2017). 
Nevertheless, they have the potential to contribute significantly to achieving goals in 
marine conservation and management by offering guidance to decision-makers (Hyder 
et al., 2015). Their use in assessments, policy support, and decision-making can provide 
insights into how the ecosystem could respond to plausible future stressors, enabling the 
development of adaptive management strategies, and allowing for exploration of the 
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implications of alternative management options (Acosta et al., 2016, Ferrier et al., 2016, 
Merrie et al., 2017).  
One of the most commonly used ecosystem modelling software is Ecopath with Ecosim 
(EwE), which has been widely applied to model aquatic food webs (Heymans et al., 
2014, Colléter et al., 2015). This approach has been used to hindcast and forecast future 
human impacts on aquatic food webs, such as fishing (Christensen and Walters, 2011), 
and increasingly other stressors like climate change (Ainsworth et al., 2011) and 
biological invasions (Pinnegar et al., 2014). EwE has been applied within the scope of 
evaluating cumulative impacts of human activities (Coll et al., 2015). For example, 
Serpetti et al. (2017) assessed the cumulative impact of sea warming and sustainable 
levels of fishing pressure in the West Coast of Scotland. In addition, Libralato et al. 
(2015) developed temporal simulations to explore the effects of the arrival of invasive 
species, changes in primary production and sea warming in the Adriatic Sea.  
The Mediterranean Sea is a semi-enclosed sea that is highly impacted by anthropogenic 
activities (Costello et al., 2010, Halpern et al., 2015a). The Mediterranean is a global 
hotspot of alien species (Molnar et al., 2008, Costello et al., 2010, Edelist et al., 2013a), 
especially its eastern basin due to the opening and continuous enlargement of the Suez 
Canal (Katsanevakis et al., 2014b, Galil et al., 2016). Currently, 821 species are 
described as established alien species in the Mediterranean Sea (Zenetos et al., 2017). In 
addition, the high impact of fishing in the area has been shown by several analyses, 
indicating that most of the stocks are fully exploited or overexploited (Vasilakopoulos et 
al., 2014, Tsikliras et al., 2015). Climate change is also strongly affecting Mediterranean 
marine biota and ecosystems (Lejeusne et al., 2010, Givan et al., 2017a), mainly due to 
substantial temperature increases (Nykjaer, 2009, Shaltout and Omstedt, 2014). In fact, 
the Mediterranean is under a process of “meridionalization” and “tropicalization” of the 
northern and southern sectors, respectively, mainly due to the northward expansion of 
native thermophilic species and the introduction of (mainly tropical) alien species 
through the Suez Canal and the Strait of Gibraltar (Bianchi, 2007, Bianchi et al., 2013). 
In addition, the Mediterranean is being altered by other anthropogenic activities such as 
habitat loss and degradation, pollution, and eutrophication, making the Mediterranean 
Sea a hotspot of global change (Coll et al., 2010, Coll et al., 2012). 
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Within this context, the marine ecosystem of the Israeli Mediterranean coast, located in 
the eastern part of the basin, has been altered in recent decades mainly due to species 
invasions, unsustainable fishing activities, and increasing water temperature (Edelist et 
al., 2013a, Goren et al., 2013, Sternberg et al., 2015). As a result, great changes in its 
biodiversity and functioning have occurred (Edelist et al., 2013a, Galil and Goren, 2014, 
Katsanevakis et al., 2014b, Corrales et al., 2017a). The importance of each stressor has 
rarely been investigated, and available studies suggest a general strong impact of 
increasing sea water temperature and more specific impacts of fishing activities and 
alien species (Corrales et al., 2017a, Givan et al., 2017a).  
Recently, new fishing regulations took effect in the Israeli Mediterranean continental 
shelf (hereafter referred to as ICS), which includes a reduction in fishing effort for 
several fleets with the aim of recovering fish stocks. However, it is expected that the 
rate of invasion and the impact of alien species and climate change will increase in the 
future due to the recent enlargement of the Suez Canal and sea warming (Albouy et al., 
2013, Galil et al., 2017).    
In this study, we used a temporally dynamic food web model of the ICS ecosystem 
(Corrales et al., 2017b), previously constructed and fitted to available time series of 
observational data from 1994 to 2010 (Corrales et al., 2017a), to assess potential future 
ecological effects of different global change scenarios. These scenarios included 
different fisheries management alternatives, sea warming following IPCC 
(Intergovernmental Panel on Climate Change) projections and projected increases in the 
biomass of alien species over the next 50 years (2010-2060). 
2. Material and methods  
2.1. Study area  
The Israeli Mediterranean continental shelf (ICS) ecosystem (Fig. S1 in Annex 4) is 
located in the Eastern Mediterranean Sea, also known as the Levantine Sea. The 
Levantine Sea has the hottest, most saline and most oligotrophic waters in the 
Mediterranean Sea (Azov, 1991, Brasseur et al., 1996) as a result of high evaporation 
rates, very low riverine inputs and limited vertical mixing.  
Currently, the Levantine Sea is the world’s most invaded marine ecoregion, with 
important effects on the food web (Edelist et al., 2013a, Goren et al., 2016). In addition, 
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it has been suggested that intense fishing pressure has jeopardized the sustainability of 
fishing activities (Edelist et al., 2011). Finally, the waters of the Levantine Sea are 
warming at higher rates than the global average (Belkin, 2009, Nykjaer, 2009), with 
important effects on marine biota (Rilov, 2016, Givan et al., 2017a). 
2.2.Overview of the modelling approach 
The ecological modelling approach Ecopath with Ecosim (EwE) (Christensen and 
Walters, 2004a) was used to model the study area. The EwE approach consists of three 
main modules: the mass-balance routine Ecopath, the time dynamic routine Ecosim and 
the spatial-temporal dynamic module Ecospace. For an extensive review of EwE 
principles, basic concepts, capabilities and limitations, see Christensen and Walters 
(2004a) and Heymans et al. (2016). 
The Ecopath mass-balance model was developed using EwE version 6.5 
(www.ecopath.org) to characterise the structure and functioning of the ICS and to assess 
the past and current impact of alien species and fishing (Corrales et al., 2017b). The 
model covered an area of 3,725 km
2
, with coastal waters up to 200 m in depth. It 
represented two time periods (1990-1994 and 2008-2010), including 39 and 41 
functional groups, respectively, from primary producers to top predators and considers 
specific groups for alien species (Figure S2a; Table S1 in Annex 4) (Corrales et al., 
2017b). This model took into account the main fleets operating in the area, including 
bottom trawl, purse seine and artisanal fisheries, and recreational fishers. Direct and 
indirect trophic impacts between functional groups and fleets are shown in Figure S2b 
in Annex 4.  
Based on the Ecopath model, the time dynamic module Ecosim (Walters et al., 1997) 
was constructed and fitted to time series of data from 1994 to 2010. The model was 
used to consider the combined effect of alien species, fishing activities and changes in 
sea surface temperature and primary productivity (Corrales et al., 2017a). Ecosim uses a 
set of differential equations to describe biomass dynamics, expressed as:   
𝑑𝐵𝑖
𝑑𝑡
 = (
𝑃
𝑄
)
𝑖
· ∑ 𝑄𝑗𝑖 − ∑ 𝑄𝑖𝑗 +  𝐼𝑖 − (𝑀𝑖 +  𝐹𝑖 + 𝑒𝑖) · 𝐵𝑖                        (Eq. 1) 
where dBi/dt is the growth rate of group (i) during time t in terms of its biomass Bi; 
(P/Q)i  is the net growth efficiency of group (i); Mi is the non-predation mortality rate; 
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Fi is the fishing mortality rate; ei is the emigration; and Ii is the immigration rate 
(Christensen and Walters, 2004a). Consumption rates (Qij) are calculated based on the 
“foraging arena” theory (Ahrens et al., 2012), which divides the biomass of a prey into a 
vulnerable and a non-vulnerable fraction and the transfer rate or vulnerability between 
the two fractions determines the trophic flow between the predator and the prey. The 
vulnerability concept incorporates density-dependency and expresses how far a group is 
from its carrying capacity (Christensen and Walters, 2004a, Christensen et al., 2008). 
For each predator-prey interaction, consumption rates are calculated as:  
𝑄𝑖𝑗 =
𝑎𝑖𝑗∗𝑣𝑖𝑗∗𝐵𝑖∗𝑃𝑗∗𝑇𝑖∗𝑇𝑗∗𝑀𝑖𝑗 𝐷𝑗⁄
𝑣𝑖𝑗+𝑣𝑖𝑗∗𝑇𝑖∗𝑀𝑖𝑗+𝑎𝑖𝑗∗𝑀𝑖𝑗∗𝑃𝑖∗𝑇𝑗 𝐷𝑗⁄
∗ 𝑓(𝐸𝑛𝑣𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛, 𝑡)              (Eq. 2) 
where aij is the rate of effective search for prey (i) by predator (j), vij is the vulnerability 
parameter, Ti represents prey relative feeding time, Tj is the predator relative feeding 
time, Bi is prey biomass, Pj is predator abundance, Mij is the mediation forcing effects, 
and Dj represents effects of handing time as a limit to consumption rate (Christensen et 
al., 2008, Ahrens et al., 2012). Environmental response functions (Envfunction, t), which 
represents the tolerance relationship of a species to an environmental parameter (here 
defined with a minimum and maximum levels and the 10th
 
and 90th preferable 
quantiles), can be used to account for environmental drivers that change overtime, such 
as temperature. The intercept between the environmental response function and the 
environmental driver is used to calculate a multiplier factor (f) (Eq. 2), which then 
modifies the consumption rates of a species, or functional group, with a maximum value 
of 1 and declining values (and thus limiting the foraging capacity of a group) when the 
environmental driver deviates from the optimum values (Christensen et al., 2014b, 
Serpetti et al., 2017).  
A time series of nominal fishing effort from the Fisheries Department of the Ministry of 
Agriculture and Rural Development of Israel was used to drive the model by modifying 
fishing mortality on targeted groups. A time series of annual sea surface temperature 
(SST, upper 30 meters) from 1994 to 2010 and temperature response functions were 
used to drive the temporal dynamics of sensitive functional groups with available 
information (mostly crustaceans and fish groups) (Corrales et al., 2017a). Time series of 
SST were obtained from the Mediterranean Forecasting System Copernicus 
(http://marine.copernicus.eu/). Environmental response functions, which here determine 
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optimum temperatures and thermal tolerance, were obtained initially from AquaMaps 
(Kaschner et al., 2006) and were modified incorporating expert local knowledge (see 
Corrales et al. (2017a) and Table S2 in Annex 4 for further details).  
2.3. Simulation of future scenarios 
We used the temporal dynamic module Ecosim to evaluate the effect of plausible future 
scenarios for major stressors in the area (Table 1). With the exception of the two new 
alien groups (new alien demersal fishes and alien medium pelagic fishes), we used the 
original Ecosim configuration that was fitted to the time series of data (Corrales et al., 
2017a). For these two new alien groups, low vulnerability values had been estimated by 
the model in the fitting procedure, impeding a further increase in biomass of these 
groups in the future. As a continuous increase in biomass of these groups is expected, 
we applied a high vulnerability value (v = 10) to them to allow a larger change in the 
baseline predation mortality. All future scenarios were run for 50 years, from 2010 to 
2060, and included variations of different stressors (Table 1). Primary production, in the 
absence of information about projected potential changes, was kept constant in all the 
scenarios from 2010 to 2060.  
Table 1. List of scenarios and stressor conditions.  
The original configuration of the dynamic model was used as a baseline simulation 
(Business as usual (BAU)) (Scn1). We then assessed the impact of various fisheries 
management strategies while keeping constant temperature levels from 2010 to 2060. 
Scn2 included the new fishing regulations approved by the Fisheries Department of the 
Scenario Name Fishing Temperature Alien species 
1 BAU (business as usual) Kept at 2010 levels Kept at 2010 level Model predicts 
2 Israeli regulation New Israeli regulations Kept at 2010 level Model predicts 
3 Stop trawl 
New Israeli regulations + 
stop trawl in 3 years 
Kept at 2010 level Model predicts 
4 
Israeli regulation (alien spp. 
constant) 
New Israeli regulations Kept at 2010 level Force (kept at 2010 levels) 
5 RCP2.6 Kept at 2010 levels Best-case Model predicts 
6 RCP4.5 Kept at 2010 levels Intermediate Model predicts 
7 RCP8.5 Kept at 2010 levels Worst-case Model predicts 
8 Increase alien species Kept at 2010 levels Kept at 2010 level Force (increase) 
9 
Combination (no forcing of alien 
spp.) 
New Israeli regulations Intermediate Model predicts 
10 
Combination (forcing of alien 
spp.) 
New Israeli regulations Intermediate Force (increase) 
11 
Combination (forcing alien spp. 
constant) 
New Israeli regulations Intermediate Force (kept at 2010 levels) 
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Ministry of Agriculture and Rural Development of Israel in 2016. These regulations, 
among other components, consist of a reduction in fishing efforts for the trawling and 
artisanal sectors and impose restrictions on the recreational fishers. For the trawl fleet, a 
complete cessation of its activity between April and June was implemented. In addition, 
the trawl fleet in the northern part of the country is to be mostly eliminated. These two 
regulations were implemented in our scenario and represented a reduction in trawl effort 
of nearly 50% (Fig. 1a). For the artisanal fleet, a ban between April and May was 
implemented and implied a reduction in fishing effort of nearly 15% (Fig. 1a). For 
recreational fishers, the new regulation restricted their capacity to a maximum catch of 5 
kg per day. In the absence of detailed data about recreational effort and being 
conservative, a reduction of 20% of the effort was applied (Fig. 1a). In addition, some 
sectors of the Israeli society have called for a ban of trawling altogether. Therefore, we 
ran a scenario that applies the new fishing regulations with trawling eliminated within 
the first 3 years of the simulation (Fig. 1b) (Scn3). In addition, to quantify only the 
effects of these new fishing regulations, we ran a scenario keeping the biomass of alien 
species and temperature constant from their 2010 levels to 2060 (Scn4).  
To predict the impact of sea warming on the ICS ecosystem, future SST projections of 
the study area were obtained from the Royal Netherlands Meteorological Institute 
Climate explorer (http://climexp.knmi.nl). We calculated SST projections under the four 
scenarios of greenhouse emissions (RCP2.6, RCP4.5, RCP6 and RCP8.5). As SST from 
this explorer did not match the SST from COPERNICUS, we calculated SST anomalies 
for the 2010-2060 period and these SST anomalies were applied to the COPERNICUS 
time series (Fig. 1c). Due to similar trends of the intermediate scenarios (RCP4.5 and 
RCP6), we applied only the RCP4.5 scenario. Therefore, the scenarios conducted to 
simulate potential impacts of sea warming were RCP2.6 (Scn5), RCP4.5 (Scn6) and 
RCP8.5 (Scn7). In these scenarios, fishing effort was kept constant from its 2010 levels 
to 2060.  
To forecast future impacts of alien species, we forced the biomass of alien groups to 
follow current trends (Fig. S3 in Annex 4), while keeping fishing effort and SST 
constant from their 2010 levels to 2060 (Scn8).  
In addition, we evaluated the combined impacts of the stressors simultaneously through 
three scenarios. In Scn9 (combination without forcing alien species), we merged 
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scenarios 2 and 6, thus combining the new fishing regulations with an intermediate 
increase in SST, and we left alien species to change through the time (we did not force 
their biomass). In Scn10 (combination with forcing alien species), we merged scenarios 
2, 6 and 8, thus combining the new fishing regulations, the intermediate increase in SST 
and an increase in the biomass of alien species following current trends. In Scn11 
(combination with forcing alien species constant), we merged scenarios 2 and 6, thus 
combining the new fishing regulations, the intermediate increase in SST, and we force 
alien species to keep them at 2010 levels.  
 
Fig. 1. Stressors in the Israeli Mediterranean continental shelf (ICS) ecosystem for the period 1994-2060 
considered in this study: (a) relative fishing effort by fleet as a result of the application of the new Israeli 
law starting in 2010 in the simulations; (b) relative fishing effort by fleet as a result of the application of 
the new Israeli law with the closure of the trawl fleet after three years of reduction from 2010; and (c) 
historical annual sea surface temperature (black line) and its projection under the three scenarios of IPCC 
projections.   
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2.4. Analysis 
We analysed changes in the biomass of selected functional groups. These groups were 
chosen taking into account their inclusion in the time series fitting (see Corrales et al. 
(2017a)) and considering their importance (economic and ecological importance, such 
as commercial species and vulnerable species). In addition, functional groups were 
aggregated taking into account their ecological role, taxonomy, habitat and between 
alien and native functional groups. Therefore, we defined separate groups as primary 
producers, zooplanktonic species, invertebrates, fishes and vulnerable species (which 
included sea turtles, sea birds and dolphins). Invertebrates and fishes were split into 
native and alien groups, and fishes were also divided between demersal and pelagic.  
In addition, a selection of ecological indicators was used to evaluate the impacts of 
ecological changes on the ecosystem over time:  
(13) Total biomass (excluding detritus) (t·km-2), which included biomass of 
all the functional groups excluding detritus (detritus and discards). This indicator 
was used to quantify changes at the whole ecosystem level (Heymans et al., 
2014).  
(14) Forage fish biomass (t·km-2), which included the biomass of 
benthopelagic fishes, small pelagic fishes, mackerel and horse mackerel. This 
indicator was analysed to quantify changes in the pelagic compartment (Hilborn 
and Walters, 1992).  
(15) Invertebrate biomass (t·km-2), which included biomass of benthic 
invertebrate groups. This indicator was used to assess the dynamics of benthic 
invertebrates in the ecosystem, which tends to benefit from reductions in fish 
and predator biomass (Pauly et al., 1998). 
(16) Predatory biomass (t·km-2), which included biomass of all the groups 
with TL ≥ 4 and tends to decrease with increasing fishing impact in marine 
ecosystems (Rochet and Trenkel, 2003). 
(17) Kempton’s index, which expresses biomass diversity by considering 
those organisms with trophic levels ≥ 3 and tends to decrease with ecosystem 
degradation (Kempton and Taylor, 1976).   
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(18) Total catch (t·km-2·year-1), which includes the annual catches of the 
different fleets and provides an idea of total fisheries removals (Hilborn and 
Walters, 1992). 
(19) Mean Trophic Level of the catch (mTLc), which expresses the TL of the 
catch, reflects the fishing strategy of the fleet and is used to quantify the impact 
of fishing (Pauly et al., 1998). 
(20)  Mean Trophic Level of the community (mTLco), which expresses the 
Trophic Level (TL) of the whole ecosystem, reflects the structure of the 
ecosystem and is used to quantify the impact of fishing (Rochet and Trenkel, 
2003) .  
(21)  Total System Throughput (t·km-2·year-1) (TST), which estimates the 
total flows in the ecosystem and is a measure of ecosystem size (Ulanowicz, 
1986). 
(22)  Finn’s Cycling Index (FCI, %), which represents the proportion of the TST that 
is recycled in the system and is an indicator of stress and structural differences 
(Finn, 1976). 
(23)  Path length (PL), defined as the average number of compartments through 
which a unit of inflow passes, which is an indicator of stress (Christensen, 
1995). 
2.5. Assessing uncertainty 
Monte Carlo simulations and the Ecosampler plug-in were used to evaluate the impact 
of uncertainty in Ecopath input parameters (biomass, production and consumption rates) 
on Ecosim outputs (biomass and catch trends, and ecological indicators) (Heymans et 
al., 2016, Coll and Steenbeek, 2017, Steenbeek et al., 2018). We ran 500 Monte Carlo 
simulations for each scenario based on input parameter pedigree, which documents the 
quality of the input data (see Table S3 in Annex 4 for confidence intervals of all input 
parameter), to determine the 5% and 95% confidence intervals for Ecosim outputs. 
Finally, a Spearman’s rank correlation test implemented in R software v 3.4.2 was used 
to assess the correlation between model outputs (predicted results without uncertainty 
analysis) with time.  
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3. Results 
3.1. Baseline scenario 
Under the baseline simulation (Scn1), the model predicted a decreasing biomass trend 
over time for the biomass of several groups (Fig. 2 and 3). Alien invertebrates 
significantly decreased (Fig. 3), due to the depletion of alien crabs and shrimps (Fig. 2). 
Other medium trophic level organisms, such as goatfishes and small native demersal 
fishes, suffered significant large declines (Fig. 2). These decreases were due to the 
increase of various predators and competitors (for trophic interactions, see Fig. S2b in 
Annex 4 (hereafter referenced only as Fig. S2b)) and current negative impacts of sea 
warming. For example, small native demersal fishes decreased due to the increase of 
competitors such as earlier and new alien demersal fishes (Fig. S2b and 2), the 
increasing predation of alien lizardfish (Fig. 4f) and the negative impact of current SST. 
The model also showed a significant large decline of large demersal native fishes due to 
their overexploitation (Fig. 4d). In addition, vulnerable species such as turtles and 
seabirds were projected to significantly decrease (Fig. 2 and 3), due to the notable 
impact of fishing activities on their populations (Fig. S2b). 
In contrast, the model predicted significant large increases in alien fishes (both demersal 
and pelagic) (Fig. 3), such as earlier and new alien demersal fishes, alien lizardfish and 
alien medium pelagic fishes (Fig. 2 and 4e). This may be due to their earlier 
overexploitation prior to the reduction in fishing effort between 2007 and 2010, which is 
mainly due to a recent decreasing activity of trawl fleet (the most important fleet in the 
area). This follows current biomass increases due to possible empty niches and the 
depletion of native competitors (Fig. S2b). Mullets (Fig. 4a), sharks and rays (Fig. 2) 
significantly increased over time. This may be due to the decline in the fishing effort 
between 2007 and 2010.  
Within this scenario, forage fish and invertebrate biomass decreased significantly with 
time while predatory biomass and total catch significantly increased over time (Fig. 5). 
Community indicators, such as mTLco and mTLc, and indicators related to ecosystem 
development theory such as TST and FCI significantly decreased with time, while PL 
significantly increased (Fig. 5).  
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Fig. 2. Spearman’s rank correlation between selected biomasses of functional groups and time for the ten 
future scenarios (Table 1). Positive correlations are in blue and negative correlations in red. Legend 
colour shows the correlation coefficient and its correspondent colour gradient. Colour intensity and the 
size of the ellipses are proportional to the correlation coefficients, with more diffused and wider ellipses 
representing lower correlation strengths. When the indicator is non-significant (>0.05), it is represented 
with an “X” symbol. 
3.2.Fishing scenarios 
Under scenarios that only included changes (decreases) in fishing effort (Scn2 and 
Scn3), the model predicted mixed trends with both significant large decreases and 
increases in medium trophic level groups and significant large increases in high trophic 
level groups (Fig. 2). For example, alien invertebrates significantly decreased while 
vulnerable species significantly increased (Fig. 3). Alien shrimps, small native demersal 
fishes, earlier alien demersal fishes and alien herbivores significantly decreased over 
time (Fig. 2 and 4e). This is due to the increasing predation mortality as a consequence 
of the recovery of top predators (Fig. S2b) and also, in some cases, a result of negative 
impacts of sea warming. In addition, the model predicted a significant decrease of sea 
birds due to the fewer discards caused by the reduction of the trawl fleet (Fig. 2). In 
contrast, the model predicted significant large increases of top predators, such as hake, 
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large native demersal fishes, alien lizardfish, demersal sharks and rays and skates (Fig. 2 
and Fig. 4b,d,f). The model also showed increasing trends for mullets, new alien 
demersal fishes and turtles (Fig. 2 and Fig. 4a), due to the reduction in fishing effort. 
Most of these trends were exacerbated in Scn3, with the closure of the trawl fleet. For 
example, the model predicted major and faster recoveries for mullets, hake, large native 
demersal fishes and alien lizardfish (Fig. 4a,b,d,f), while alien shrimps, small native 
demersal fishes, earlier alien demersal fishes and sea birds had stronger negative 
impacts (Fig. 2).  
 
Fig. 3. Spearman’s rank correlation between the biomass of aggregated groups and time for the ten future 
scenarios (Table 1). Positive correlations are in blue and negative correlations in red. Legend colour 
shows the correlation coefficient and its correspondent colour gradient. Colour intensity and the size of 
the ellipses are proportional to the correlation coefficients, with more diffused and wider ellipses 
representing lower correlation strengths. When the indicator is non-significant (>0.05), it is represented 
with an “X” symbol. 
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Fig. 4. Comparison between the predicted (solid lines) and observed (dots) time series of biomass (t·km
2
), 
and scenarios results for (a) mullets, (b) hake, (c) rocky fishes, (d) large native demersal fishes, (e) alien 
herbivores and (f) alien lizardfish under different future scenarios of fishing for the Israeli Mediterranean 
continental shelf (ICS) ecosystem model for the period 1994-2060. Black line represents historical model 
predictions and coloured lines represent different scenarios. Shadows represent the 5% and 95% 
percentiles obtained using the Monte Carlo routine. 
Under Scn4, which assessed the impacts of the new fishing regulations while keeping 
the biomass of alien species constant, the model showed important effects of alien 
species. For example, hake and large native demersal fish presented better recoveries 
than in Scn2 (Fig. 4b, d). For hake, this may be due to competition for resources with 
alien lizardfish, while for large native demersal fishes it may be due to a higher 
abundance of their key prey, such as rocky fishes, small native demersal fishes and 
earlier alien demersal fishes.   
Within these three scenarios (Scn2, Scn3 and Scn4), most of the ecological indicators 
presented significant increasing trends (Fig. 5). For example, total biomass, invertebrate 
biomass, predatory biomass and total catch showed significant increasing trends (Fig. 
5). In addition, mTLco and mTLc significantly increased (Fig. 4). FCI significantly 
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increased in all scenarios while PL had non-significant trends in Scn2 and Scn3 and 
decreased in Scn4 (Fig. 5). 
 
Fig. 5. Spearman’s rank correlation between the ecological indicators analysed and time for the ten 
scenarios (Table 1). Positive correlations are in blue and negative correlations in red. Legend colour 
shows the correlation coefficient and its correspondent colour gradient. Colour intensity and the size of 
the ellipses are proportional to the correlation coefficients, with more diffused and wider ellipses 
representing lower correlation strengths. When the indicator is non-significant (>0.05), it is represented 
with an “X” symbol. TotalB= Total biomass (t·km-2); ForF = Forage fish (t·km-2); InvB = Invertebrate 
biomass (t·km
-2
); PredB = Predatory biomass (t·km
-2); Kempton = Kempton’s index; TotalC = Total 
catch (t·km
-2
·year
-1
); mTLco = mean Trophic Level of the community; mTLc = mean Trophic Level of 
the catches; TST = Total System Throughput (t·km
-2
·year
-1); FCI = Finn’s Cycling Index (%); PL = Path 
length. 
3.3.Sea warming scenarios 
Under scenarios of sea warming (Scn5, Scn6 and Scn7), the model predicted different 
responses of species to rising SST (Fig. 2). The model showed significant increases of 
alien invertebrates and alien fishes (both demersal and pelagic), while native fishes 
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(both demersal and pelagic) and vulnerable species decreased (Fig. 3). These trends 
were exacerbated as temperature increased (Fig. 2 and 3).    
For specific groups, the model predicted significant increasing trends for alien shrimps, 
alien crabs, goatfishes, earlier and new alien demersal fishes and sharks (Fig. 2). These 
increases may be due to the depletion of competitors and predators (Fig. S2b). In 
contrast, small native demersal fishes declined due to unfavourable thermal conditions, 
and rays and skates were projected to strongly decline (Fig. 2). A total collapse of 
mullets was predicted under the intermediate and worst IPCC projections (Fig. 6a), 
while hake and rocky fishes were predicted to be almost depleted in the worst case of 
sea warming (Fig. 6b, c). Large native demersal fishes were projected to be positively 
impacted as temperature increases (Fig. 6d), although they showed negative trends due 
to their overexploitation. Alien herbivores and alien lizardfish biomass significantly 
increased in all climate scenarios, with major increases as temperature rose except for 
the alien lizardfish in the worst-case scenario (Fig. 6e, f) 
Within these scenarios, we observed significant decreasing trends for most of the 
ecological indicators, with stronger correlations as temperature increased (Fig. 5). 
However, invertebrate biomass, mTLc and PL showed increasing trends (Fig. 5). 
3.4.Alien species scenario 
Under the scenario that assessed the impact of alien species forced to follow current 
biomass trends (Scn8), the model predicted strong impacts on the food web (Fig. 2 and 
3). Within this scenario, native invertebrates, native fishes (both demersal and pelagic) 
and vulnerable species declined significantly (Figure 3).  
For specific groups, the model predicted significant decreases of small native demersal 
fishes due to current thermal conditions and increasing predation mortality and 
competition (Fig. S2b). Similarly, turtles and sea birds declined due to a decline of their 
main prey (Fig. S2b and 2). Mullets were predicted to be slightly negatively impacted, 
due to their initial recovery as a result of the decreasing fishing effort in 2007-2010 and 
the negative impacts of alien species (Fig. S2b and 7a). Rocky fishes declined 
significantly, due to a higher abundance of competitors and predators (Fig S2b and 7c). 
In contrast, hake and large native demersal fishes (Fig. 7b, d) as well as demersal sharks 
and rays and skates (Fig. 2) significantly increased. This may be due to reduced fishing 
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activities and a higher abundance of alien prey (Fig. S2b), although native prey 
exhibited opposite trends (Fig. 3).  
 
Fig. 6. Comparison between the predicted (solid lines) and observed (dots) time series of biomass (t·km
2
), 
and scenarios results for (a) mullets, (b) hake, (c) rocky fishes, (d) large native demersal fishes, (e) alien 
herbivores and (f) alien lizardfish under different future scenarios of climate change for the Israeli 
Mediterranean continental shelf (ICS) ecosystem model for the period 1994-2060. Black line represents 
historical model predictions and coloured lines represent different scenarios. Shadows represent the 5% 
and 95% percentiles obtained using the Monte Carlo routine.  
Under this scenario, total biomass, predatory biomass and total catch significantly 
increased (Fig. 5). In contrast, forage fish, invertebrate biomass and Kempton’s index 
significantly decreased (Fig. 5). FCI and PL were projected to decline significantly, 
while TST increased (Fig. 5). 
3.5.Cumulative scenarios 
When assessing the cumulative effects of new Israeli fishing regulations and an 
intermediate scenario of an increase in SST, while alien species biomass was not forced 
(Scn9), the model projected biomass increases for native invertebrates, alien groups 
Chapter 2.4 
 
 148  
(both invertebrates and fishes) and vulnerable species, while the biomass of native 
fishes (both demersal and pelagic) significantly decreased (Fig. 3). For specific groups, 
the biomass of some significantly increased such as alien shrimps and crabs, goatfishes, 
new alien demersal fishes, demersal sharks, rays and skates, and turtles (Fig. 2). In 
addition, significant increases were observed for hake, large demersal fishes and alien 
lizardfish, but their recoveries were of a lower magnitude than Scn10 due to the 
limitation of alien prey (Fig. 8b, d, f). In fact, hake declined at the end of the simulation 
due to sea warming (Fig. 8b). In contrast, the biomass of small native demersal fishes, 
earlier alien demersal fishes and sea birds significantly decreased (Fig. 2). In addition, 
the model predicted significant declines in mullets and rocky fishes (Fig. 8a, c), 
although they showed better trajectories than Scn10, due to lower impacts of alien 
species. Alien herbivores also declined (Fig. 8e), due to recoveries of predators (both 
native and alien) (Fig. S2b).  
 
Fig. 7. Comparison between the predicted (solid lines) and observed (dots) time series of biomass (t·km
2
), 
and scenarios results for (a) mullets, (b) hake, (c) rocky fishes (or small native demersal fishes) and (d) 
large native demersal fishes under the future scenario of increasing the biomass of alien species for the 
Israeli Mediterranean continental shelf (ICS) ecosystem model for the period 1994-2060. Black line 
represents historical model predictions and coloured lines represent different scenarios. Shadows 
represent the 5% and 95% percentiles obtained using the Monte Carlo routine.  
Under this scenario, total biomass, invertebrate biomass, mTLc and mTLco 
significantly increased, while forage fish and total catch significantly declined (Fig. 5). 
TST and FCI were projected to increase, while PL declined (Fig. 5).  
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When assessing the cumulative effects of the new Israeli fishing regulations, the 
intermediate scenario of sea warming and an increase in alien biomass following current 
trends (Scn10), the model predicted a significant decreasing pattern of native 
invertebrates and native fishes (both demersal and pelagic), while vulnerable species 
significantly increased (Fig. 3). Several groups that were negatively affected included 
small native demersal fishes and sea birds (Fig. 2). In addition, the model predicted a 
near collapse of mullets (Fig. 8a), despite the reduction of fishing effort, and a 
significant decline of rocky fishes (Fig. 8c). In contrast, demersal sharks, rays and 
skates and turtles significantly increased (Fig. 2). In addition, hake and large native 
demersal fishes were predicted to increase (Fig. 8b, d), mainly due to reduced fishing 
effort and a higher abundance of alien prey (Fig. S2b), although native prey 
significantly declined and there was negative impact of SST on hake.    
Within this scenario, forage fish, invertebrate biomass and Kempton’s index 
significantly decreased, while predatory biomass, total catch and mTLco significantly 
increased (Fig. 5). FCI and PL were projected to decline significantly, while TST 
increased (Fig. 5). 
Finally, under the assessment of the cumulative impact of the new Israeli fishing 
regulations and the intermediate scenario of sea warming, while keeping the biomass of 
alien species constant (Scn11), the model highlighted the important effects of alien 
species. For example, native invertebrates increased more than in Scn9 and native fishes 
decreased less than Scn9 and Scn10 (Fig. 3). For specific groups, small native demersal 
fishes decreased less than Scn9 and Scn10 (Fig. 2). Hake presented a better trajectory 
than Scn9 (Fig. 8b). This could be due to a less competition for resources with alien 
lizardfish, which biomass was kept at constant population levels. However, it presented 
a worst trajectory than Scn10 (Fig. 8), which could be due less prey availability. On the 
other hand, large native demersal fishes presented a worse trajectory than Scn9 and 
Scn10 (Fig. 8d), which could be also due to less prey availability. Mullets and rocky 
fishes presented similar trajectories than Scn9 (Fig. 8a,c), which may be related to 
similar predation rates and competition for resources in both scenarios. 
Within this scenario, ecological indicators presented similar trends to Scn9 (Fig. 5). In 
several cases slightly better trends than Scn9 were observed, such as in forage fish, 
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Kempton’s index, mTLc and mTLco, while total catch and PL presented slightly worse 
trends than Scn9 (Fig. 5).  
 
Fig. 8. Comparison between the predicted (solid lines) and observed (dots) time series of biomass (t·km
2
), 
and scenarios results for (a) mullets, (b) hake, (c) rocky fishes, (d) large native demersal fishes, (e) alien 
herbivores and (f) alien lizardfish under different future scenarios of a combination of stressors for the 
Israeli Mediterranean continental shelf (ICS) ecosystem model for the period 1994-2060. Black line 
represents historical model predictions and coloured lines represent different scenarios. Shadows 
represent the 5% and 95% percentiles obtained using the Monte Carlo routine. Scenarios that include 
forcing of the biomass are not shown. 
3.6.Common patterns of future scenarios 
In general, primary producers increased in most of the scenarios (Fig. 3). This can be 
attributed to the decrease of zooplanktonic groups in most of the scenarios (Fig. 3), 
which is due to increased predation on these groups. Alien invertebrates decreased in 
scenarios that only fishing reductions were applied while increasing in the other 
scenarios (Fig. 3). This can be attributed to increasing predation and decreasing 
predation and competition, respectively. Alien fishes increased in all scenarios due to 
reductions of competition and predators except in Scn2 (Fig. 3), where there is a large 
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decrease in earlier alien demersal fishes attributed to higher predation rates (Fig. 2). 
New alien demersal fishes increased in all the scenarios, which may due to fishing 
reductions and/or the decrease of competition (both native and alien groups). Native 
fishes decreased in all scenarios except those scenarios where only fishing reductions 
were applied (Fig. 2). Specifically, small native demersal fishes decreased in all 
scenarios. This general pattern is due to unfavorable thermal conditions, while for 
specific scenarios we can add increasing predation (fishing reductions) and competition 
for resources (alien species scenarios) or both (cumulative scenarios) as the main drivers 
of the ecological patterns. Vulnerable species increased in all scenarios that implied 
reductions in fishing activities (Fig. 3), although sea birds decreased in all scenarios 
(Fig. 2).   
4. Discussion  
In the current context of global change and ecological crisis, there is an increasing 
demand for approaches that can forecast potential impacts of human stressors, in 
addition to environmental pressures (Maris et al., 2017). In this study, we used a 
temporal dynamic food web model for the Israeli Mediterranean continental shelf that 
accounted for different environmental and human impacts, such as sea warming, 
fisheries and alien species, to assess potential futures of marine resources and ecosystem 
conditions of the Eastern Mediterranean Sea. Despite several limitations, this study 
represents to our knowledge the first attempt to evaluate potential impacts of future 
conditions in the Eastern Mediterranean Sea in an ecosystem context combining 
different global change stressors.  
Our results highlight that under current conditions (the baseline scenario) several 
species will remain depleted or even greatly decline, due to unfavourable thermal 
conditions, increasing impacts of alien species, and unsustainable fishing activities. 
Meanwhile, alien groups will continue to increase in abundance, as many of these 
species have higher thermal tolerances. This general degradation of the system is also 
captured by the decline of ecological indicators linked with ecosystem condition, such 
as mTLc, mTLco and FCI. These results are in line with Corrales et al. (2017a), where 
results indicated a historical degradation pattern of the food web over the last two 
decades (1990-2010) due to the impacts of alien species, climate change and fishing. 
However, other ecological indicators increased, such as total biomass, predatory 
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biomass and PL. This could be due to the fact that reductions of native species in terms 
of biomass and path lengths are compensated by the increase of alien species.  
In contrast, when fishing effort for several fleets was reduced, our results highlighted a 
potential restoration of several exploited groups including commercially important 
species such as hake, mullets and large native demersal fishes, and some vulnerable 
species such as sharks and rays and skates. Alien groups (fish and crustaceans) were 
negatively impacted, mainly due to the recovery of predators, while native groups were 
positively affected. This overall improvement of some marine resources was captured 
by several ecological indicators that showed a trend of increasing values, such as the 
predatory biomass, Kempton’s Index, mTLc, mTLco and FCI.  
Fishing has been identified as one of the main stressors on marine ecosystems (Jackson 
et al., 2001, Lotze et al., 2006), and studies have shown the potential benefits of fishing 
reduction (Worm et al., 2009, Lotze et al., 2011b). Our results highlighted the benefits 
of reducing fishing activities on the exploited marine organisms and ecosystem in the 
Eastern Mediterranean Sea, and support the call for a reduction in fishing capacity and 
exploitation levels worldwide if marine resources are to recover (Pauly et al., 2002, 
Worm et al., 2009).  
The scenarios of sea warming showed potential detrimental impacts on the food web, 
with the impacts becoming greater as temperature increased. Within these scenarios, 
native species were negatively impacted, and we observed some collapses, while alien 
species were favoured. In line with this, several ecological indicators, including 
Kempton’s Index, mTLco and FCI suggested a potential degradation of the ecosystem. 
Predicted collapses of some native species in this study may not indicate a total collapse 
of the species in the Eastern Mediterranean Sea, but may indicate that if these species 
are to persist in the ecosystem, they may have to migrate to northern areas or to deeper 
and cooler waters outside of the modelled area, or they will have to adapt. Shifts in 
species distributions (latitudinal and bathymetric) in relation to climate change have 
been observed and predicted in many areas of the world (Pörtner and Peck, 2010, 
Stuart-Smith et al., 2015, Poloczanska et al., 2016). Bathymetric shifts and species 
collapses have been observed recently in the study area associated with sea warming 
and the proliferation of alien species (Edelist et al., 2013a, Rilov, 2016). In addition, 
several studies have predicted important changes in species distributions due to sea 
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warming in the Mediterranean Sea (Ben Rais Lasram et al., 2010, Albouy et al., 2013). 
In fact, the increasing importance of alien species (thermophilic biota) concurrent with 
sea warming has led to the tropicalization of the Mediterranean biota (Bianchi, 2007). 
Our projections of the impact of sea warming present some limitations. For example, 
the temperature response/preferences used in our study are subject to uncertainty, as 
they came from a global database (AquaMaps) (Kaschner et al., 2006), although we did 
incorporate local knowledge  to adapt the global responses to local conditions (see 
Corrales et al. (2017a) for more details). In addition, due to the lack of information on 
the responses to the explanatory variable change, our model did not incorporate salinity, 
which has been suggested as an important environmental factor in the study area 
(Mavruk and Avsar, 2008). Also, other impacts of climate change were not considered. 
For example, ocean acidification, which mainly acts on invertebrates and basal species, 
can have strong impacts on the food web (Orr et al., 2005, Fabry et al., 2008). 
Furthermore, our model does not account for the possible acclimatization, selection, and 
adaptation of species to climate change. Correctly predicting the impacts of climate 
change on marine organisms and ecosystems remains challenging due to a general lack 
of knowledge about the capacity of organisms to adapt to rapid climate change (Munday 
et al., 2013). In addition, our model is a temporal-dynamic representation of the 
ecosystem and does not explicitly incorporate spatial dynamics (such as movement of 
species) and therefore the potential movement of species to deeper waters or latitudinal 
(northward) shifts are not captured. Within this context, the new habitat foraging 
capacity model of the spatial-temporal module of EwE, Ecospace (Steenbeek et al., 
2013, Christensen et al., 2014b), has provided a step forward for temporal-spatial 
modelling by combining species distribution and food web models. As new information 
becomes available, our modelling exercise should be updated and improved, so model 
predictions would become increasingly valuable for understanding cumulative impacts 
within a spatial-temporal dynamic framework. 
Our results highlighted the potential negative impacts of alien species on marine species 
and food webs, either when extrapolating current trends to the future, or when allowing 
EwE to predict their future abundance. Alien species proliferation causes the collapse of 
small native demersal fishes and a degradation pattern in the food web, as shown by 
different ecological indicators (i.e., predatory biomass, Kempton’s index, mTLco, FCI 
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and PL). Biological invasions are considered a major threat to local biodiversity 
(Molnar et al., 2008, Katsanevakis et al., 2014c). Although no complete extinctions 
have yet been reported in the Mediterranean Sea as a direct result of alien species, there 
are many examples of sudden declines and local extirpations of native species 
concurrent with the proliferation of alien species (Galil, 2007a, Edelist et al., 2013a). 
It is important to note that our model has a limited capacity to assess the impacts of 
alien species. Our study only considers alien fish and crustacean (shrimps and crabs) 
species, since for other groups no information was available to be considered within our 
temporal modelling approach (Rilov and Galil, 2009). However, the invasion of other 
organisms seems to be of the same magnitude or even greater (Rilov and Galil, 2009, 
Galil et al., 2014a). In addition, the information about pelagic fishes were limited and 
the definition of small and medium pelagic fishes groups within the model includes both 
native and alien species (Corrales et al., 2017a). Finally, several new alien species have 
invaded the Eastern Mediterranean Sea in recent years and were not included in the 
model (Galil et al., 2016, Zenetos et al., 2017). One of these species, the lionfish 
(Pterois miles), has alarmed the scientific community, arriving in the Mediterranean Sea 
in 1991 (Golani and Sonin, 1992) but not recorded again until 2012 (Bariche et al., 
2013). This species has had detrimental effects on invaded ecosystems, such as the 
Caribbean Sea (Green et al., 2012). It is expected that the current and future 
enlargement of the Suez Canal and future sea warming will allow the invasion of more 
species (Galil et al., 2014b), and that the Eastern Mediterranean Sea can become an 
extension of the Red Sea in terms of species composition, even including reef building 
corals (Por, 2009, Givan et al., 2017b).  
Under cumulative stressor scenarios, our study showed that the beneficial effects of 
fisheries reduction could be dampened by the combined impacts of sea warming and 
alien species. For example, mullets, hake and predators in general may not recover if 
sea warming and alien species impacts are also at play. These results highlight the need 
to include stressors other than fisheries, such as climate change and biological 
invasions, in the assessment of risk and the implementation of an ecosystem-based 
management approach to correctly assess the future of marine ecosystems. Serpetti et al. 
(2017), using an EwE model on the west coast of Scotland, highlighted that ocean 
warming could jeopardize sustainable fisheries practices in the future. Our results are 
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complementary to this study and suggest that regional and global scale impacts such as 
biological invasions and sea warming can impair, or at least limit, the outputs of local 
fisheries management measures.  
There is an increasing need to identify and quantify the biophysical thresholds that must 
not be exceeded, so as to prevent catastrophic shifts in ecosystems. Catastrophic shifts 
can be defined as persistent and substantial reorganizations of the structure and 
functioning of ecosystems and from which their recovery is difficult or impossible 
(Scheffer et al., 2001, Rockström et al., 2009). The boundaries of several processes 
(e.g., climate change and biodiversity loss) define the “safe operating space” for 
humanity (Rockström et al., 2009). However, crossing certain boundaries may take the 
ecosystem beyond its “safe operating space”, where the risk of unpredictable and 
damaging change is very high. Our results highlighted the fact that a reduction in 
fishing activities promotes the resilience of some species to climate change and the 
impacts of alien species in the Eastern Mediterranean Sea, with resilience defined as the 
capacity of species and ecosystems to resist and absorb disturbance and their ability to 
recover (Levin and Lubchenco, 2008, Côté and Darling, 2010). In addition, some native 
species reacted better to reduced fishing activities when alien species were maintained 
at constant levels in the absence and presence of sea warming. However, once a 
boundary is crossed, a species can collapse. In our study, this is the case for mullets and 
hake. These species have been severely impacted in recent decades by fishing activities, 
alien species (goatfishes and alien lizardfish, respectively), and sea warming (Galil, 
2007a, Gucu and Bingel, 2011, Halim and Rizkalla, 2011, Edelist, 2012, Corrales et al., 
2017a). In the cumulative impact scenarios, these functional groups initially benefited 
from reduced fishing effort. However, once the boundary of thermal tolerance was 
crossed, mullets and hake decreased notably. When we forced an increase in alien 
species biomass, in addition to sea warming, mullets collapsed due to the additional 
effects of predation and competition, while hake biomass remained almost constant due 
to the higher abundance of prey. Our study illustrates that complex dynamics between 
environmental and ecological processes may interact in the future and it is essential to 
take them into account.   
In recent decades, human activities have exponentially increased (Halpern et al., 2015a). 
These include local stressors such as overfishing, habitat destruction and pollution, and 
Chapter 2.4 
 
 156  
regional and global stressors, such as biological invasions and climate change. Such 
anthropogenic effects impose large impacts on marine organisms and ecosystems, 
affecting ecosystem structure and services (Worm et al., 2006, Doney et al., 2012, 
Katsanevakis et al., 2014c). Organisms and ecosystems already stressed by fishing are 
more vulnerable to further impacts such as climate change and biological invasions 
(Occhipinti-Ambrogi and Savini, 2003, Poloczanska et al., 2016). As temperature will 
increase in the future and options for the management of ocean warming are limited at 
the local and regional scale, reducing local and regional threats such as overexploitation 
and biological invasions, may be one of the solutions to promoting resilience to climate 
change, ensuring the capacity to exploit marine resources safely and preserving 
ecosystem functions and services (Scheffer et al., 2015, Stuart-Smith et al., 2015).  
Different management actions have been used for reducing the impacts of fisheries, 
including, among others, the establishment of catch limits, fishing effort reductions, 
increasing gear selectivity and the implementation of Marine Protected Areas (MPAs) 
(FAO, 2007). MPAs have been suggested as an effective tool to mitigate impacts of 
climate change and alien species (Francour et al., 2010, Roberts et al., 2017), although 
biological invasions have been largely disregarded in marine conservation plans 
(Giakoumi et al., 2016) and the effectiveness of MPAs in preventing invasions has been 
questioned (Simberloff, 2000). The prevention of new introductions should be a priority 
in the development of effective policies, followed by early detection, rapid response and 
possible eradication of alien species (CBD, 2002). In the context of our study area, 
some authors have suggested installing an environmental barrier in the Suez Canal, such 
as an hypersaline lock, since it may “reduce the likelihood of species migration through 
canals” (Hewitt et al., 2006). In fact, “the Suez Canal had, for nearly a century, a natural 
salinity barrier in the form of the high salinity Bitter Lakes” (Hewitt et al., 2006). In 
addition, although eradication is challenging, some countries have initiated eradication 
programs to minimize the impacts of alien species in the marine environment. For 
example, in Cyprus, governmental authorities encouraged fishermen to catch alien 
poisonous pufferfish (Lagocephalus sceleratus) (Rousou et al., 2014), which have 
detrimental effects on native biota and fisheries (Nader et al., 2012). 
Ecological indicators are quantitative measurements that provide information about key 
ecosystem characteristics. They are increasingly used to document ecosystem status and 
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to track the effects of anthropogenic and environmental stressors on marine ecosystems, 
as well as the effectiveness of management measures; making them a valuable tool 
within the EBM framework (Fulton et al., 2005, Shin and Shannon, 2010, Shin et al., 
2010). We showed that trophic level-based indicators (mTLc and mTLco) were 
informative about the effects of fishing pressure, as they decreased in the baseline 
scenario (high fishing pressure) while increasing in all scenarios where fishing 
reductions were implemented. However, they exhibited opposite trends in sea warming 
scenarios. The predatory biomass indicator also indicated potential benefits of fishing 
restrictions, as well as detrimental impacts of sea warming. In addition, Kempton’s 
index successfully tracked fishing pressure, sea warming and impacts of alien species. 
Therefore, our study illustrates how several ecological indicators obtained from EwE 
models can be useful to assess ecosystem status(Lassen et al., 2013, Piroddi et al., 
2015b), but they may show complex trends to interpret as additional pressures to marine 
ecosystems are investigated. 
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The purposes for developing a quantitative model is to gain understanding of the natural 
world by organizing data and synthesizing information, corroborating hypotheses, 
identifying gaps in available knowledge and to develop predictive tools (Oreskes, 
2003). In this thesis, I investigated the past, current and possible future effects of 
multiple anthropogenic activities on the Israeli Mediterranean continental shelf 
ecosystem through the application of an ecosystem modelling approach. The application 
of an ecosystem modelling approach implied the collection, analysis and integration of a 
large amount of data to parameterize the models and validate results. This study 
represents, to my knowledge, the first attempt to fit to time series and validate an 
ecosystem model in the Eastern Mediterranean Sea to assess the impact of multiple 
stressors. In addition, it also represents the first attempt to evaluate potential impacts of 
future conditions in the Eastern Mediterranean Sea within an ecosystem context 
combining global, regional and local stressors.   
The first task of the thesis was to conduct a systematic and critical review of available 
modelling approaches that have been used to date to assess and predict impacts of 
invasive alien species (IAS) on aquatic ecosystems (Chapter 2.1). The review represents 
the first attempt to map available modelling approaches to assess impacts of IAS in 
aquatics ecosystems. The other two impacts included in this PhD thesis, fishing and 
climate change, have been widely studied and a number of literature reviews of 
modelling approaches are available (Whipple et al., 2000, Plagányi, 2007, Fulton, 2010, 
Koenigstein et al., 2016). Therefore, the review allowed me to learn and summarize the 
main features of the most applied approaches and analyze their capabilities and 
limitations.  
Although no single model is able to capture all the processes, the review highlighted the 
Ecopath with Ecosim (EwE) modelling approach as a common tool for assessing 
impacts of already established IAS within an ecosystem context and its capabilities to 
forecast existing, emerging and potential new IAS. However, I found that most of the 
EwE applications assessing the impact of biological invasions included one or two alien 
species. In this PhD the scope of modelling alien species was far more extensive as it 
entailed the modelling of a large amount of alien species located at all trophic levels of 
the food web that have settled over a continuous period of time. Results from the review 
guided the methodological approach I used during the model development, especially in 
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developing a new strategy when using the temporal dynamic EwE module, Ecosim 
(Walters et al., 1997).   
In Chapter 2.2 I developed two food-web Ecopath models of the Israeli Mediterranean 
continental shelf representing two time periods (1990-1994 and 2008-2012). These 
models were built in order to characterize the structure and functioning of the ecosystem 
and assess the past and current impacts of alien species and fishing activities. In Chapter 
2.3 the food web model representing early 1990s was fitted to available time series of 
observations from 1994 to 2010 using the temporal dynamic module Ecosim with the 
aim to explore the historical dynamics of the ecosystem considering the combined effect 
of alien species, fishing activities and changes in sea surface temperature. I took 
advantage of previous modelling efforts using EwE to assess the impact of alien species 
(Chapter 2.1) and I adopted and modified one of the strategies that had been previously 
used (Langseth et al., 2012). The new modelling strategy allowed the model to 
satisfactory reproduce the invasion and expansion of these two new alien groups. I also 
used a new capability of the approach by using environmental response functions, 
which allows to link species, or functional groups dynamics, with environmental drivers 
(Christensen et al., 2014b, Serpetti et al., 2017). These functions enabled environmental 
drivers, such as sea surface temperatures, to be included in the model as an ecosystem 
driver to assess the impact of climate change.  
Finally, in Chapter 2.4 I used the temporal-dynamic calibrated food web model to 
analyze the potential ecosystem impacts of future conditions in the ecosystem through 
the development of previously defined future scenarios of change. These scenarios were 
defined jointly between scientists and local stakeholders. Particularly, I evaluated the 
effects of a new set of fishing regulations currently being implemented, changes in sea 
surface temperature (SST) following IPCC (Intergovernmental Panel on Climate 
Change) scenario projections and the potential increases in alien species biomass. I first 
investigated the impacts of stressors separately, and I then combined them to evaluate 
their cumulative effects. This was done with the aim of informing local and regional 
stakeholders about plausible futures of the eastern Mediterranean Sea, specifically the 
Israeli Mediterranean ecosystem.  
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3.1. Synthesis of the main findings  
3.1.1. Ecosystem structure and functioning of the Israeli Mediterranean 
continental shelf ecosystem  
Several ecological indicators investigated (e.g., transfer efficiency (TE), total system 
throughput (TST) and total biomass (TB)) using the two Ecopath models highlighted 
the ultra-oligotrophic nature of the Israeli Mediterranean marine ecosystem compared to 
other Mediterranean Ecopath models (Corrales et al., 2015). In fact, the Levantine Sea 
has the most oligotrophic waters of the Mediterranean Sea (Azov, 1991). In addition, 
the high values of TEs obtained in the Israeli models (almost double the average value 
reported worldwide (Christensen, 1995); and higher than other Mediterranean Sea areas 
(Corrales et al., 2015, Piroddi et al., 2015a)) indicated a high efficiency of the 
ecosystem in transferring energy between trophic levels. In fact, it has been suggested 
that in the Mediterranean Sea there is relatively abundant fish production (and also 
fisheries yields) despite the oligotrophic nature of the basin (called the “Mediterranean 
paradox”) (Sournia, 1973, Macias et al., 2014). The higher rates of TE could be partially 
related to this paradox.  
The Lindeman spine, which is a representation of the biomass and fluxes between 
discrete trophic levels (Lindeman, 1942), presented similar patterns in both periods for 
the overall food web. However, the analysis of the different habitats (pelagic and 
demersal/benthic) highlighted a change in the food web between the two periods. While 
in the demersal compartment flows of medium trophic levels (TL III) increased between 
both periods, the values at higher trophic levels (TL IV) decreased. In line with the 
previous results, the temporal dynamic model highlighted three main temporal patterns: 
(1) native demersal predators decreased over time, (2) native demersal medium trophic 
levels fishes decreased over time; and (3) alien species, mainly low and medium trophic 
levels, increased over time. Therefore, the increasing flows in the demersal habitat in 
trophic levels III were due to the increasing abundance of alien species, despite declines 
of some native populations.  
In the pelagic compartment, the static models suggested that flows of medium trophic 
levels (TL III) decreased between both periods while values at higher trophic levels 
remained constant. The reasons for the decreasing flows of medium trophic levels of the 
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pelagic habitat are not clear and should be interpreted carefully due to the lack of data 
from the pelagic compartment. In fact, in Chapter 2.3 (temporal dynamic model) this 
statement was not confirmed, as forage fish (which include benthopelagic and small 
pelagic fishes, mackerel and horse mackerel) showed a non-significant temporal trend. 
Therefore, this thesis highlighted the importance of calibration and fitting models in 
order to validate and improve Ecopath models (the baseline) and to confirm (or not) 
different hypothesis from the static models.   
Most of the groups identified as a keystone in the Israeli Mediterranean ecosystem, 
which are defined as a species with a high and wide impact on the food web despite its 
low biomass (Paine, 1966, Paine, 1969, Valls et al., 2015), were also identified as such 
in other Mediterranean areas (Coll and Libralato, 2012, Corrales et al., 2015). The 
analysis was based on the Mixed Trophic Impact (MTI) analysis which quantifies the 
direct and indirect impact that a hypothetical increase in the biomass of one functional 
group would have on the biomass of all other functional groups, including the fishing 
fleets (Ulanowicz and Puccia, 1990)). The results of the analysis indicated that the 
ecological role of European hake had been lost in the latter period likely due to 
overexploitation and sea warming. Both analysis (keystone index and MTI) also 
highlighted a decreasing role of large native demersal fishes (“groupers”) due to 
overfishing, while they suggested an increasing role of alien species and demersal 
sharks. On the contrary, the MTI analysis showed an increasing ecological role of 
earlier and new alien demersal fishes and alien medium pelagic fishes. The 
keystoneness index also showed that alien lizardfish is a potential keystone species in 
both time periods and highlighted the possibility of alien medium pelagic fishes to 
become a keystone group in the future, due to its high keystoneness index despite its 
recent invasion. In fact, alien medium pelagic fishes group include one of the most 
successful invaders of the Mediterranean Sea, the bluespotted cornetfish (Fistularia 
commersonii) (Azzurro et al., 2013). In the Mediterranean Sea, demersal sharks have 
declined dramatically mainly due to overfishing (Ferretti et al., 2008, Dulvy et al., 
2016). However, sightings in the Israeli Mediterranean marine ecosystem have 
increased during the last 20 years. This could be related to alterations in the behavior of 
sharks (aggregations near coastal power plants) or an increase in the size of the 
population (Barash et al., 2018).  
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Ecological indicators (Chapter 2.3) for the Israeli Mediterranean marine ecosystem 
confirmed the historical changes in the structure and functioning of the ecosystem. In 
particular, a large decrease in predators at the beginning of the period was observed 
(due to overexploitation), followed by an increasing trend at the end of the simulation 
(mainly due to an overall decrease in fishing effort and the explosion of alien species). 
TST slightly increased with time, suggesting that the ecosystem is not in equilibrium. 
This has been related to higher primary productivity and the increasing importance of 
alien species. FCI and PL presented significant decreasing patterns. Therefore, our 
results suggested a degradation pattern over time of the ecosystem and an ecosystem in 
flux due to cumulative impacts of stressors acting on the ecosystem. 
3.1.2. Ecosystem drivers of the Israeli Mediterranean continental shelf ecosystem 
The temporal dynamic model highlighted that sea warming played an important role in 
the historical dynamics of the Israeli Mediterranean Sea ecosystem during the last two 
decades. In fact, climate change is strongly affecting Mediterranean organisms and 
ecosystems (Lejeusne et al., 2010, Moullec et al., 2016), leading a process of 
“meridionalization” and “tropicalization” of the northern and southern sectors, 
respectively (Bianchi, 2007, Bianchi et al., 2013). Particularly, the eastern basin is 
warming faster than the western (Nykjaer, 2009, Shaltout and Omstedt, 2014). 
Therefore, since the Levantine Sea represents the southeastern limit of distribution of 
most of the native species due to a naturally-extreme environment (temperature and 
salinity) (Sara, 1985, Rilov, 2016) and the environment is becoming more extreme due 
to climate change, many native species are more vulnerable. This stress could cause 
declines of populations or even local extirpations as it was showed in the present thesis 
and other studies (Rilov, 2016, Givan et al., 2017a). For example, sea warming played 
an important role in the dynamics of mullets, European hake and small native demersal 
fishes (see below). These results are in line with Givan et al. (2017a), who indicated a 
large decrease in biomass of native species with an affinity to cold waters while species 
with an affinity to warm waters (most of the alien species) increased.  
This thesis also highlighted that fishing was an important driver affecting the dynamics 
of the ecosystem and especially for the exploited invertebrate and fish populations. High 
fishing mortalities and exploitation rates were found for several groups. This is in line 
with previous studies in the Mediterranean Sea that highlighted an overexploitation of 
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its marine resources (Tsikliras et al., 2015, Colloca et al., 2017) and also at the 
ecosystem level (Coll et al., 2008c, Libralato et al., 2008, Coll et al., 2009). Predators 
(such as European hake and large native demersal fishes) have declined through time 
due to the impact of human activities, mainly due to overfishing but also could be due to 
sea warming and alien species (see below). The decline of predators due to overfishing 
has been already observed worldwide (Pauly et al., 1998, Myers and Worm, 2003) and 
also in the Mediterranean Sea (Ferretti et al., 2008, Azzurro et al., 2011, Maynou et al., 
2011).  
It is worth mentioning that fishing effort of the Israeli fleet declined over the past 2 
decades (Edelist et al., 2013b). However, official statistics of fishing effort may not be 
able to capture real trends due to biases and data deficiencies (Anticamara et al., 2011, 
Gorelli et al., 2016, Bell et al., 2017). In fact, our time series of fishing effort included 
data on nominal effort (expressed as days at sea) for professional fisheries, while data 
from recreational fishers was estimated based on catch reconstruction efforts. This is an 
important shortcoming of the model developed in this thesis that needs further research. 
Good estimates of fishing effort are critically important for understanding impacts of 
fishing in marine resources and ecosystems and for effective fisheries management 
(Hilborn and Walters, 1992).  
While fishing effort declined, total catch fluctuated over time with an overall increasing 
trend. This could be related to the depletion of native top predators (e.g., European hake 
and large native demersal fishes) and the explosion of alien species (both medium and 
high trophic levels). In line with this trend, the mean trophic level of the catch indicator 
(mTLc) first decreased and later increased. However, total landings decreased around 
20% from 1990s to 2010s, while discards increased dramatically, from around 15% to 
31% of the total catch between both periods. In fact, discard proportions in the 
Mediterranean are large, especially for the trawl fleet (Tsagarakis et al., 2013). This is 
mainly due to the catch of species of low commercial value, the use of small mesh size 
(which implies the catch of small individuals) and market influence (i.e. to avoid low 
prices of landings (especially for small pelagic fishes), fishermen increase discards 
when catches are high) (Machias et al., 2001, Tsagarakis et al., 2013). In the case of the 
Israeli fleet, the following features should be considered: the “Levantine nanism” 
(smaller size of organisms in the Levantine Sea) (Sonin et al., 2007), the modification of 
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trawling grounds (in recent years their effort has been constrained to shallow waters), 
and the increasing abundance of alien species (many of them are discarded as they are 
small or are venomous/poisonous or for cultural reasons) (Edelist et al., 2011, Edelist et 
al., 2013b). The high fishing mortalities of some species/groups, the depletion of top 
predators and the high discard rates indicate the unsustainability of the Israeli fisheries, 
in line with previous studies in the area (Edelist et al., 2013b, Goren et al., 2013). 
The temporal model also highlighted the increasing importance of alien species in the 
ecosystem, with important effects on species and on the structure of the food web. 
Several hypotheses have been proposed to explain the establishment and spread of alien 
species in the area. One hypothesis emphasizes the nature of the Levant Sea, where 
alien species can potentially utilize multiple empty niches in the area due to lower 
regional biodiversity and the existence of native species in a habitat at the limits of their 
tolerance levels (Por, 1978b, Golani, 1998, Galil, 2008, Rilov and Galil, 2009, Givan et 
al., 2017b). Another hypothesis suggests that alien species, originated from a rich and 
diverse tropical or sub-tropical ecosystem, have a superior competitive advantage over 
indigenous Mediterranean species from a poorer temperate region (Golani, 2010). Also, 
potential predators may be scarce (Edelist et al., 2012), while the presence of certain 
alien species may increase the probability of other alien species to establish a viable 
population (“invasion meltdown” theory) (Simberloff and Von Holle, 1999, Rilov and 
Galil, 2009). In addition, environmental conditions have become more suitable for alien 
species, providing various advantages when competing with native species (Golani, 
1998, Galil, 2007a). Also, it has been suggested that the impact of fishing activity may 
have facilitated the establishment and spread of alien species (mostly fast-growing 
species) due to the overexploitation of native species (Galil, 2008) and the possible 
better adaptation and competitiveness of alien species to proliferate in the highly 
impacted trawl grounds (Edelist et al., 2011).  
Whatever the exact mechanism (probably a synergy of factors), the declines and 
bathymetric shifts of native species concurrent with the proliferation of alien species are 
well documented in the study area (Golani, 1993, Golani, 1994, Galil, 2007b, Edelist et 
al., 2013a). However, there is a lack of studies supporting a competitive displacement of 
native species by alien species (Golani, 2010). At present, only few studies have 
attempted to investigate it (e.g., Golani, 1994, Bariche et al., 2004, Sala et al., 2011). It 
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has been highlighted that these declines may not be disentangled from other 
anthropogenic impacts such as overexploitation, habitat destruction, pollution and sea 
warming (Galil, 2007b, Galil, 2008). The positive impacts of sea warming and 
overfishing on alien species were highlighted in Chapters 2.3 and 2.4.     
According to the results presented in this thesis, primary production (PP) changes 
played a minor role in describing the historical dynamics of the Israeli Mediterranean 
coast ecosystem. However, it has been suggested that changes in PP could be an 
important driver acting upon the Mediterranean Sea ecosystems (Macias et al., 2014, 
Piroddi et al., 2017). The lower role of bottom-up processes in the Israeli Mediterranean 
coast (as well the Levantine Sea) could be explained by the reduction of nutrient-rich 
Nile waters (water discharge dropped to about 10% of its previous level) by the 
construction of Aswan High Dam in 1964 (Nixon, 2003). In fact, prior to the Aswan 
High Dam, the annual Nile flood produced phytoplankton blooms that supported a 
productive fishery (Azov, 1991, Nixon, 2003). Although the minor role of PP changes 
in this study, the model predicted an increasing trend of PP, which may be related to 
nutrient enrichment from anthropogenic sources during the last decades in Egypt, the 
Gaza Strip and Israel (Oczkowski et al., 2009, Suari and Brenner, 2015). This nutrient 
enrichment could play an important role in the extreme oligotrophic conditions of the 
area. Therefore, future work should be dedicated to further investigate the impact of 
anthropogenic enrichment in the area.  
While ecological changes in the Eastern Mediterranean Sea, especially regarding the 
fish community, are well documented (e.g., Sala et al., 2011, Edelist et al., 2013a), the 
driving forces are not completely understood. For example, a strong impact of alien 
species has been widely suggested, but rarely evaluated (Golani, 2010, Katsanevakis et 
al., 2014c). The importance of each stressor has been debated, although there is a 
general lack of empirical estimates (Galil, 2008, Golani, 2010, Galil et al., 2018). This 
is due to the challenge of understanding the interactive effects of multiple stressors 
(Crain et al., 2008, Côté et al., 2016). Although most of the studies highlighted the 
cumulative impact of overfishing, alien species and sea warming, different studies 
highlighted different roles. For example, Edelist et al. (2013a) suggested alien species as 
the current main driver of the ecosystem, while Arndt et al. (2018) highlighted that most 
Chapter 3 
 
169 
of the declines of native species are not associated with competition with alien species. 
On the other hand, Givan et al. (2017a) indicated a major role of sea warming. 
The results of the present thesis suggest a general strong impact on the ecosystem of sea 
warming and more specific impacts of fishing and alien species. Therefore, the results 
of the temporal dynamic model are in line with Givan et al. (2017a), who suggested sea 
warming as the most important driver, followed by fishing. For example, the temporal 
dynamic model showed that fishing played a major role in the decline of large native 
demersal fishes. For European hake, the model highlighted that sea warming and trophic 
interactions played a key role, with an additional effect of fishing. In fact, the decline of 
European hake has been related to sea warming, overexploitation, competition with 
alien lizardfish and oceanographic changes (Gucu and Bingel, 2011, Halim and 
Rizkalla, 2011, Edelist, 2012). Edelist (2012) showed how European hake and alien 
lizardfish are inversely represented in catches and described niche partitioning (alien 
species dominate the shallow waters while native species remain into deeper and cooler 
waters) between both species. Results from this thesis also highlighted an important role 
of temperature and trophic interactions in the dynamics of mullets. The large decline of 
native mullets has been associated with sea warming and competition with alien 
goatfishes. The niche partitioning pattern has also been described between native 
mullets and alien goatfishes (Golani, 1994), although goatfishes has extended its 
bathymetric distribution in recent years (Edelist, 2012). Regarding alien species groups, 
the model highlighted a key role of sea warming and trophic interactions, highlighting 
the more favorable environmental conditions in the Eastern Mediterranean Sea to alien 
species and suggesting possible better competitive properties of invaders (Galil, 2008, 
Rilov and Galil, 2009, Edelist et al., 2011). 
3.1.3. Future ecosystem conditions  
Although modelling scenarios of future conditions is a challenging task due to high 
uncertainties and complex ecosystem characteristics (Link et al., 2012, Maris et al., 
2017), they can provide considerable benefits. For example, they allow understanding 
possible future impacts on marine ecosystem and can offer guidance to decision-makers 
by evaluating the tradeoff between different management measures and identify those 
measures that have the potential to meet preferred objectives. In this study, information 
provided by local stakeholders was used to define a set of plausible future scenarios. 
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The participation of stakeholders in these definitions ensures the interest that they may 
have for the results.  
The results of the baseline scenario (“business as usual”) showed that under current 
conditions biomass of several species or functional groups will strongly decrease and 
several ecological indicators will indicate ecosystem degradation. This is due to 
increasing impacts of alien species, strong negative impact of current thermal conditions 
on native species and overfishing. This ecosystem degradation is in line with results of 
Chapter 2.3, which highlighted a historical degradation pattern of the system over the 
last two decades (1990-2010); and also with other independent studies in the area 
(Goren et al., 2013).  
Under scenarios of fishing reductions, the model highlighted potential future benefits of 
fishing effort reductions, at species/functional group level as well as at food-
web/ecosystem level through the restoration of several exploited groups and thus the 
improvement of several ecological indicators. In addition, our results revealed that 
sustainable fisheries management can improve the overall catch of the fishing fleets. 
Fishing is considered one of the greatest pressures on marine ecosystems (Jackson et al., 
2001, Costello et al., 2010) and several studies have indicated potential benefits of 
fishing reductions (Lotze et al., 2011b, Costello et al., 2016). The results of these 
scenarios highlighted the need for a reduction in fishing capacity, in line with other 
studies in the area (Edelist, 2012, Goren et al., 2013) and at a global scale (Worm et al., 
2009).  
The scenarios of sea warming indicated potential detrimental impacts on marine 
resources, especially for sensitive native species, and ecosystem state. Within this 
context, results highlighted potential collapses or large decreases of several native 
species/functional groups. These collapses may not indicate a total collapse of the 
species in the Levantine Sea, although mass mortality events have been recorded in the 
northwestern Mediterranean (Rivetti et al., 2014, Marbà et al., 2015) and in the study 
area (Rilov, 2016). Results could also indicate that species may migrate to northern 
areas or move to deeper and cooler waters (which are not considered in the modelling 
framework used in this study). In fact, bathymetric shifts have been already observed in 
the study area, which have been related to sea warming and competition with alien 
species (Golani, 1994, Edelist et al., 2013a). In addition, a northwards extension of 
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native species due to sea warming have been observed in the Mediterranean Sea 
(Sabates et al., 2006, Moullec et al., 2016). Species distribution models have predicted 
that future sea warming would deeply modify fish assemblages by the end of the 21
st
 
century, including the contraction of suitable habitat of some species to the coldest parts 
of the basin or even species extinctions (Ben Rais Lasram et al., 2010, Albouy et al., 
2012, Albouy et al., 2013), with potential effects on marine food webs and ecosystem 
structure (Albouy et al., 2014).  
In Chapter 2.4 I also showed how increasing alien species biomass may contribute to 
several declines or even collapses of native species and a degradation pattern of the 
system. Although the impact of alien species has been widely discussed (Rilov and 
Galil, 2009, Edelist et al., 2013a), empirical evidence is lacking (Golani, 2010, 
Katsanevakis et al., 2014c). Therefore, this scenario, which only includes changes to 
alien species biomass (following current trends) while maintaining fishing effort and sea 
warming at 2010 levels, provides a means to theoretically analyze the future impacts of 
alien species on native species through competition and predation interactions. For 
example, small native demersal fishes were projected to collapse. This could be related 
to increasing competition (earlier and new alien demersal fishes) and predation (mainly 
alien lizardfish, large native demersal fishes and alien medium pelagic fishes).  
Under the cumulative stressors scenarios, results highlighted that sea warming and alien 
species can impair, or at least limit, the impacts of better fishing practices. For example, 
mullets and European hake may not recover despite fishing reductions due to the 
negative impact of sea warming and alien species. However, the impact of alien species 
could be different for specific cases. For example, alien species exacerbated the 
negative impact of sea warming in the dynamics of mullets due to competition with 
goatfishes and higher predation rates. In contrast, alien species could mitigate partially 
the negative impact of sea warming on European hake due to higher abundance of prey. 
Since scenarios of sea warming and alien species simulated increasing effects of these 
stressors, the application of fisheries reductions in the combined scenarios did not allow 
analyzing the cumulative effect of stronger negative impacts of the three stressors. 
However, as the beneficial effects of fisheries reduction were dampened by the impact 
of sea warming and alien species, one can hypothesize possible synergies of all the 
stressors if they increase at the same time.  
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3.2. Implications for management 
Driven by the need to assess how tropic interactions, the environment and multiple 
human activities interact and influence each other, multispecies/ecosystem models have 
become an essential analytical and decision-making tool (Collie et al., 2014). However, 
few are currently used to implement management decisions, mainly due their 
complexity and large uncertainties and the challenge of translating complex results to 
management decisions (Fogarty, 2013, Collie et al., 2014, Lehuta et al., 2016). An 
exception is the calibrated EwE model of the North Sea (Mackinson et al., 2009b) that 
was used to explore the interactions between fisheries for cod, haddock and whiting. 
This model was recently used by the ICES Working Group on Multispecies Assessment 
Methods (WGSAM) to establish a “key run” to analyse the dynamics of marine 
resources within an ecosystem context (ICES, 2016). In addition, the new habitat 
foraging capacity model implemented in Ecospace, the spatial-temporal module of 
EwE, was part of an assessment of potential environmental impacts associated with the 
proposed expansion of the Port of Metro Vancouver (Vancouver, 2015). 
The main objective of the DESSIM project, in which this thesis was conceived and 
performed, was to develop a tool for examining possible management policies in order 
to inform governmental agencies and stakeholders in the Eastern Mediterranean Sea. 
Modelling exercises such as this can provide information that could help managers in 
resource planning. However, the model presented here cannot be used for tactical 
decisions and should be considered from a conceptual level of “what if?” questions 
about what will happen to the Israeli Mediterranean coast ecosystem. This is due to 
large uncertainties of the model (see section 3.3). Despite this, it would be useful within 
the EBM context to inform decision-makers about possible future trends in biomass and 
catches under different future scenarios of global change.  
For example, results of the present thesis have highlighted the importance of including 
stressors other than fisheries, such as climate change and biological invasions, in an 
ecosystem-based management approach to correctly hindcast, and to provide 
informative forecast dynamics of marine ecosystems. These results are in line with other 
studies. For example, Mackinson (2013) showed the importance of including 
environmental drivers such as changes in temperature and nutrient levels in addition to 
fishing to explain the ecosystem dynamics of the North Sea. Serpetti et al. (2017) 
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highlighted the improvement of model performance with the addition of sea warming to 
fishing and primary production anomaly (in this case related to the Atlantic 
Multidecadal Oscillation (AMO)) along the West Coast of Scotland ecosystem. Serpetti 
et al. (2017) also highlighted that ocean warming could jeopardize in the future 
sustainable fisheries practice on the West Coast of Scotland.  
Marine ecosystems are increasingly impacted worldwide by a diversity of global, 
regional and local anthropogenic stressors (Halpern et al., 2015a). While the impacts of 
single stressors has been widely assessed, research of the cumulative impact of multiple 
stressors is less common (Crain et al., 2009). In fact, understanding the consequences of 
multiple anthropogenic impacts has become a key issue and one of the main challenges 
in ecology, conservation and management (Crain et al., 2009, Parsons et al., 2014, Côté 
et al., 2016). Within this context, there is an increasing need to identify and quantify the 
boundaries of several stressors that define the “safe operating space” for humanity 
(Rockström et al., 2009, Steffen et al., 2015, Carpenter et al., 2017) that must not be 
transgressed to prevent catastrophic shifts in marine ecosystems. In Chapter 2.4 results 
emphasized the way in which better fishing practices promote resilience to impacts of 
sea warming and alien species. This is in line with different studies that highlighted how 
improved fisheries management could mitigate the negative impacts of climate change 
(Cheung et al., 2018, Gaines et al., 2018), also in the Mediterranean Sea (Ramírez et al., 
2018). In addition, results highlighted how native species reacted better to reduced 
fishing activities when alien species were kept at 2010 levels (in both absent and 
presence of sea warming). Furthermore, results illustrated how ocean warming may 
cause the collapse of several sensitive native species or functional groups (e.g., 
European hake and mullets) with the current fishing regulations. All these results 
provide valuable information for decision-makers to effectively impede catastrophic 
shifts in the Israeli Mediterranean continental shelf ecosystem.  
Under the historical ecosystem degradation and possible future impacts on the Israeli 
Mediterranean continental shelf ecosystem showed in the present thesis, conservation 
management should focus on mitigating local and regional stressors in order to promote 
resilience to climate change (Ramírez et al., 2018). Although reducing global 
greenhouse gas emissions is critical, options for the management of ocean warming are 
limited at national scale. The impact of fishing can be mitigated through better fishing 
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regulations at local scales, although it is recognized that managing multi-species and 
multi-fleet fisheries is a challenging task. Different management actions have been used 
worldwide for reducing the impacts of fisheries (FAO, 2007) and in Chapter 2.4 I 
presented the potential benefits of some fishing regulations that recently took effect in 
the area when other stressors were kept constant. Therefore, results of the scenarios 
highlighted the need for a reduction in fishing capacity, in line with other studies in the 
area (Edelist, 2012, Goren et al., 2013). In addition, a sustainable fisheries management 
option could be enhanced by the implementation of different management measures 
such as improving fishing selectivity, the implementation of temporal closures, and the 
establishment of MPAs (Edelist, 2012, Goren et al., 2013). Within this context, the 
spatial-temporal module of EwE, Ecospace, has been developed within the DESSIM 
project using the new habitat capacity model of Ecospace (Christensen et al., 2014b) 
and the spatial-temporal data framework (Steenbeek et al., 2013), to spatially describe 
the study area. This module can allow the assessment of the establishment of MPAs, 
providing essential information for marine spatial planning (Shabtay et al., 2018) in the 
area to effectively manage the Israeli marine ecosystem, complementing the results of 
this thesis.    
The management of impacts of regional stressors, such as biological invasions, need the 
coordination between different countries although national measures are possible. 
Prevention of new introductions through managing vectors and pathways is a priority in 
the development of effective policies (CBD, 2002). Within this context, installing an 
environmental barrier in the Suez Canal have been suggested (Hewitt et al., 2006, 
Katsanevakis et al., 2013). In addition, although extirpation is almost impossible, 
eradication programs could mitigate the impacts of alien species. For example, 
governmental authorities in Cyprus have encouraged fishermen to catch alien poisonous 
pufferfish (Lagocephalus sceleratus) (Nader et al., 2012). The protection of native 
predators (mainly groupers) and the active removal of alien herbivores have been 
proposed to control the dramatic impacts of alien herbivores (Rilov et al., 2018).  
From a biogeographic perspective, with the recent expansion of the Suez Canal (Galil et 
al., 2015) and ongoing sea warming, a continuous invasion of Lessepsian migrants and 
declines in native populations are expected (Galil et al., 2014b), causing further 
transformation (tropicalization and meridionalization) of the ecosystems in the Eastern 
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Mediterranean Sea, as well as a spread of these changes to the rest of the Mediterranean 
Sea. In fact, it is possible that over time the Eastern Mediterranean Sea shall become an 
extension of the Red Sea in terms of species composition, even including reef building 
corals (Por, 2012, Givan et al., 2017b). Impacts of sea warming could cause local 
extinctions of several native species (Ben Rais Lasram et al., 2010), with important 
effects on Mediterranean ecosystems (Albouy et al., 2014). Within this context, alien 
species could play an important role in supporting ecosystem functioning in largely 
degraded ecosystems by serving as functional substitutes for extinct taxa (Walther et al., 
2009, Schlaepfer et al., 2011). In fact, Edelist et al. (2013a) suggested that changes in 
trophic level and biodiversity in the demersal fish community in Israel have been 
masked by replacing native by alien species with similar ecological positions. Several 
alien species could be ecologically benign as they are occupying unutilized ecological 
niches (Givan et al., 2017a), while other alien species can have detrimental impacts such 
as alien herbivores (Sala et al., 2011). Therefore, a realistic conservation target could be 
the restoration and preservation of ecosystem functions rather than to preserve the 
native biodiversity (Rilov et al., 2018). This topic needs further research in the study 
area.  
3.3. Data gaps/limitations and uncertainties  
One of the main limitations of ecosystem models is data availability and quality. 
Deficiencies in both aspects can lead to great uncertainties in model results. Although 
the models developed in the present thesis presented a reasonable quality when 
compared to a global assessment (Morissette, 2007), they had the lowest pedigree index 
values for the Mediterranean Sea EwE models (Corrales et al., 2015). In fact, Coll et al. 
(2010) highlighted a lack of data in several eastern and southern regions of the 
Mediterranean Sea, which is confirmed in this thesis. It is evident from the input data of 
the models developed in this thesis that there are many information gaps, especially for 
the Ecopath model representing the 1990s. In this study the major obstacles encountered 
were related to the diet composition, biomass estimates and fisheries data.  
The models presented in the current thesis included fish and crustacean (shrimp and 
crabs) alien species. At the time the models were developed, reliable information on 
ecological features and biomass estimates were available for most of introduced fish 
species and some crustacean species, but not for other groups such as cephalopods, 
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mollusks, polychaetes and jellyfish (Rilov and Galil, 2009, Galil and Goren, 2014), and 
they, therefore, were not included as separate groups. In addition, most of the alien 
pelagic fish species (except medium pelagic fishes that invaded the ecosystem after 
1990s) had to be combined with native species due to the lack of information. Finally, 
since 2010 (the last year of the calibrated model) several alien species have invaded the 
Eastern Mediterranean Sea (Galil et al., 2016, Zenetos et al., 2017) and were not 
included in the model. An enigmatic example is the invasion of the lionfish (Pterois 
volitans). These deficiencies limited the ability of the present study to comprehensively 
evaluate the overall impact of alien species on the ecosystem. 
Currently, comprehensive datasets on the feeding ecology of many species are 
insufficient even with the increasing number of studies in recent decades. In general, 
species at low trophic levels (i.e., zooplanktonic and invertebrates groups), and alien 
species in our particular case are poorly studied. For example, diet composition of 
zooplanktonic and invertebrate groups in the models developed during this thesis came 
from studies in the Western Mediterranean Sea, while the diet composition of alien 
crustaceans was assumed to be the same as the native groups. Since alien species are 
playing an increasingly role in the ecosystem and due to the limited knowledge about 
their trophic interactions, there is an urgent need for studies on this topic. As stomach 
content analyses may be complex, time-consuming and expensive to collect (Link, 
2004, Albouy et al., 2011), alternative methods may be necessary. In Chapter 2.1, I 
highlighted how the Rank Proportion Algorithm could be a valuable tool to predict diet 
composition for recent or even possible new invaders (Link, 2004, Pinnegar et al., 
2014). Diet composition should ideally be expressed in weight or volume, as trophic 
relationships may be determined in energetic terms (Stobberup et al., 2009). However, 
the method used to study the feeding ecology of some species was different (i.e., 
frequency of occurrence and numerical percentage) and therefore, in this work some 
assumptions were made to convert the available data in weight, increasing uncertainties 
related to the diet matrix. In this study, although many of the available studies were 
from the Eastern Mediterranean Sea, sometimes they did not overlap with the studied 
periods (1990-1994 and 2008-2012). This represented a limitation since diet 
composition could change over time due to changes in prey abundance, changes in 
predator abundance, change in environmental factors such as water clarity, and changes 
in predator search tactics (Christensen and Walters, 2004a). This is especially relevant 
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in the present study since abundance of alien species has largely increased (so, their 
importance as a prey may have increased), and particularly for new invaders, as the 
studies may not include these species as preys as they did not invade the ecosystem 
during the sampling period. For all these reasons, among others, diet composition is 
usually one of the most poorly estimated parameters in quantitative food-web analyses 
(Link, 2004) and efforts to increase our knowledge about the trophic ecology of species 
should continue. 
There is a lack of biomass estimates for most of the pelagic species and benthic 
invertebrates groups. Therefore, future biomass studies and monitoring should 
emphasize small pelagic fishes due to their important ecological role in Mediterranean 
ecosystems (Coll et al., 2006, Palomera et al., 2007, Corrales et al., 2015, Piroddi et al., 
2015a). To correct this, population assessments of small and medium pelagic fishes, and 
acoustic surveys, as well as plankton sampling, are needed in the study area (Chapter 
2.2). In addition, biomass estimates of crustacean and demersal fish groups came from 
fishery dependent trawl surveys (swept-area method), which present several problems 
because they tend to underestimate biomasses. Furthermore, as highlighted in Chapter 
2.3, there was a lack of historical biomass time series, as only 3 data points were 
available through the analysis of 3 surveys conducted in the study area. This constraint 
has limited the capability of the model to capture temporal patterns. Although a fishery 
independent survey, such as the scientific demersal MEDITS campaign (Bertrand et al., 
2002), is often expensive and/or difficult to conduct, it would improve the available data 
and its quality. The ability of ecosystem models to replicate trends and project credible 
forecast increases with data availability, quality, and the length of historical data 
provided (Giron-Nava et al., 2017). 
Obtaining realistic estimates of total catch, both official catches and Illegal, Unregulated 
and Unreported (IUU), is a challenging task worldwide (Pauly and Zeller, 2016). In the 
Mediterranean Sea several studies have shown that fisheries statistics are generally 
incomplete and unreliable (Coll et al., 2014, Moutopoulos and Koutsikopoulos, 2014, 
Pauly et al., 2014, Ulman et al., 2015a, Ulman et al., 2015b). In Chapter 2.2 and 2.3 I 
used data from a reconstruction of the Israeli catches (Edelist et al., 2013b), conducted 
as a part of a project (Sea Around Us) with the aim to reconstruct global fisheries 
catches (Pauly and Zeller, 2016). Although this catch reconstruction present several 
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limitations, particularly for the artisanal fleet, purse seiners and the recreational fishery, 
it represents a more complete and realistic estimation than the official data available.  
The application of environmental response functions, used to link species responses to 
environmental parameters, were incorporated with the recent habitat capacity model of 
the spatial-temporal module Ecospace (Christensen et al., 2014b). Later on, they were 
incorporated into the temporal dynamic model Ecosim and this thesis is one of the first 
applications of this capability of the approach. In this thesis, temperature response 
functions, in absence of local data from literature, were obtained from the AquaMaps 
database, which is a global comprehensive database of marine species distributions 
(Kaschner et al., 2006). However, AquaMaps does not account for regional 
differences/preferences of species environmental responses. For example, fish have the 
capacity to adjust their preferred temperatures through acclimation (Johnson and 
Kelsch, 1998) and therefore the temperature range could be overestimated or 
underestimated in local regions if global data is used. To consider this, I modified the 
available functions from AquaMaps using expert opinion from scientists working in the 
study area to incorporate local knowledge. Maximum tolerance levels were increased 
for several functional groups (crustacean and fish groups) for which we applied 
response functions. In fact, the Eastern Mediterranean Sea, and especially the Levantine 
Sea, represents the southern limit of most of the native species and they could be 
“naturally” close to their physiological tolerance limits (Rilov, 2016). Organisms could 
respond to environmental stress through different mechanism, from biochemical 
buffering through gene expression and physiological (or phenotypic) flexibility to 
behavioural responses, change in gene frequency (selection), evolutionary gene 
modification and speciation and ecological responses (migration and ecological 
interactions) (Peck, 2011). The possible mechanism depends on the extent (from 
nanometer to global regions), the time scale (from seconds to decades) and the 
magnitude of the applied stress (Peck, 2011). Through an acclimation mechanism, 
native species in the Levantine Sea may have slightly changed their environmental 
affinities following a long-term exposure to higher temperatures.  
The model did not incorporate salinity, although it has been suggested to be an 
important factor to consider (Mavruk and Avsar, 2008). Response functions to salinity 
were available from AquaMaps but experts from the study area were not able to help 
Chapter 3 
 
179 
modify these functions due to the lack of information. This additional information 
should be added to future iterations of the models. In addition, other impacts of climate 
change, such as ocean acidification and changes in primary productivity (Hoegh-
Guldberg and Bruno, 2010), were not included though they may also be important. In 
addition, the model does not fully account for possible adaptive capabilities of species 
to climate change and ontogenetic variations of environmental affinities (Pörtner and 
Peck, 2010). 
Calibration, validation and uncertainty analysis are critical processes for evaluating 
model performance and testing the validity of the assumptions included in the model, 
especially if the objective of the model is to be used for management purposes (Fulton 
et al., 2003, FAO, 2008, Jørgensen and Fath, 2011, Heymans et al., 2016). During this 
PhD, I followed the best practices for creating and calibrating EwE models provided by 
Heymans et al. (2016) to enhance the quality and confidence of the model. In Chapter 
2.2, I used the PREBAL analysis (Link, 2010b) to ensure the coherency of the basic 
input parameters with respect to general ecological rules/principles and to guide the 
balancing procedure. I also validated the Ecopath models using independent data from 
stable isotope estimates. Specifically, tropic levels estimated for the 2010s model were 
validated using information from stable isotope analysis from a neighbouring area 
(Fanelli et al., 2015). This analysis highlighted that the diet information used in this 
model represented the trophic interactions reasonably well. However, I only validated 
one of the models due to the lack of data. In addition, there is a need for other 
independent analysis to validate model outputs such as information on mortalities (both 
natural and fishing) from stock assessments. However, stock assessment analyses were 
not available in the study area. These analyses have been proved to be useful to validate 
Ecopath models in other areas of the Mediterranean Sea (Coll et al., 2006, Torres et al., 
2013, Corrales et al., 2015).  
In Chapter 2.3 I fitted the model to time series of observations following the model-
fitting procedure described by Mackinson et al. (2009a), Heymans et al. (2016) and 
Scott et al. (2016), and I evaluated whether the parameterization lead to credible and 
sensible behaviour. Within this context, the best fitted model was not able to reproduce 
the trends of several target groups and therefore, I moved through the fitting procedure 
analysis to find the model that was able to reproduce the trends of most of the groups 
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(with special emphasis on target groups) and still retains credible statistical behaviour. 
Finally, in Chapter 2.3 and 2.4 I assessed uncertainties in model outputs (both biomass 
and catch trends, and ecological indicators) by using the Monte Carlo routine and 
ECOIND plug-in (Heymans et al., 2016, Coll and Steenbeek, 2017) and the recently 
developed EcoSampler plug-in (Steenbeek et al., 2018), to which I contributed with a 
case study (Annex 5).  
Because of the caveats explained above, uncertainties in model outputs are high. 
Despite these limitations, the models developed in this thesis include the best available 
information and follow the best practices in ecosystem modelling development. As 
such, the model of the Israeli Mediterranean continental shelf represents the best 
approximation to date to assess historical, current, and future dynamics of the 
ecosystem. As new information is generated, the present models can be updated and 
further developed, improving their quality and becoming increasingly valuable tools for 
understanding cumulative impacts and evaluating management options for the marine 
ecosystem of the Israeli Mediterranean continental shelf.  
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In this thesis I performed a systematic review of available modelling approaches that 
have been used to evaluate the impacts of IAS in aquatic systems in the past. Learning 
from what has been done and the limitations, I developed an ecosystem modelling 
approach to assess the past, current and future cumulative impacts of alien species, 
fishing and climate change on the Israeli Mediterranean continental shelf ecosystem, 
including key marine organisms, from the lowest to highest trophic levels of the 
ecosystem. This study is the first to provide a basis for understanding the structure and 
functioning of the ecosystem in the area and for hindcasting and forecasting the 
dynamics of the ecosystem considering the main drivers. Since human impacts are 
increasing in the region, this study provides a basis to inform local and regional 
governmental agencies and stakeholders about conservation and management options of 
the marine resources and ecosystems.  
The main conclusions derived from this study are:  
1) Time dynamic models were the mostly frequently developed for assessing the 
impacts of the IAS, while spatial models were less frequent. This could be related to the 
fact that assessing the impact of IAS is time dependent. It may also be due to the need 
for tools to analyze alternative management options of aquatic ecosystems, where time 
dynamic models are achievable while spatial modelling requires larger and more 
complex datasets.    
2) Despite the fact that no single model is able to capture all the processes within 
an ecosystem, the Ecopath with Ecosim (EwE) approach can integrate available 
information into a coherent description of aquatic food webs and account for 
anthropogenic activities in an ecosystem context. 
3) Results from the static food-web models highlighted that, despite differences in 
productivity patterns and other environmental parameters, the Israeli marine ecosystem 
shares common structural and functional traits with other Mediterranean ecosystems. 
For example, the importance of the benthic-pelagic coupling; and the important role of 
detritus and low trophic level organisms.  
4) Native medium pelagic fishes, dolphins, demersal sharks, large pelagic fishes 
and squids were identified as potential keystone species in the Israeli Mediterranean 
ecosystem in both time periods analyzed (1990s and 2010s). This analysis also 
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highlighted that European hake lost its keystone role in the latter period. In addition, 
alien lizardfish was identified as a potential keystone species while the results also 
showed the possibility of alien medium pelagic fishes to become a keystone group in the 
future.  
5) Analyzing at the ecosystem dynamics, biomass trends reveled three main patters: 
(1) native demersal predators decreased with time, (2) native medium trophic level 
demersal fishes decreased with time; and (3) alien species increased over time. These 
biomass trends, together with several ecological indicators, such as community biomass, 
trophic levels, catch and diversity indicators, have shown an overall ecosystem 
degradation over time. 
6) Results from the historical modelling exercise suggested a general strong impact 
of sea warming on the ecosystem and more specific impacts of fishing and alien species; 
while changes in primary production played only a minor role in describing historical 
ecosystem dynamics.  
7) Both static and temporal dynamic models highlighted an increasing proportion 
of alien species in biomass and catch, with important effects on the food web, e.g., 
specific impacts through competitive and predation interactions and large impacts 
through changes in trophic flows between food web components.  
8) Future scenarios considering changes of one stressor at time showed potential 
overall future benefits of fishing effort reductions through the restoration of several 
exploited groups and the improvement of the state of the ecosystem. The scenarios of 
increasing sea temperature highlighted detrimental impacts on marine resources, 
especially sensitive native species, and on ecosystem state. The scenario of increasing 
biomass of alien species showed detrimental impacts on several native groups through 
competition for resources, also due to the negative impacts of current thermal 
conditions, and a degradation pattern of the ecosystem. 
9) Cumulative scenarios revealed that the beneficial effects of fisheries reduction 
may be dampened by the combined impacts of sea warming and increasing biomass of 
alien species. These results support the need for reducing local and regional stressors, 
such as fishing and biological invasions, to promote resilience in an ongoing warming 
sea and to retain marine ecosystems within a “safe operating space (SOS)”, ensuring the 
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capacity to exploit marine resources safely and preventing ecosystem functions and 
services to degrade.  
10) The results of the present thesis showed that uncertainties were high due to data 
limitations, which were mainly related to the pelagic compartment, benthic invertebrates 
and the reliability of catch data. Recognizing and assessing the uncertainty of the model 
is essential if the model is aim to be used to provide informative and robust advice for 
management. In the present thesis, the impact of uncertainties of input data on model 
outputs such as biomass predictions and ecological indicators were assessed by using 
the Monte Carlo routine and the ECOIND, and EcoSampler plug-ins. In addition, the 
identification of such information should inform future scientific research objectives in 
the area. Despite main limitations, the models developed in this thesis include the best 
available information and follow the best practices in ecosystem modelling 
development. As new information is generated, the present models can be updated and 
further developed, improving their quality and becoming increasingly valuable tools for 
understanding cumulative impacts and evaluating management options for the marine 
resources of the Israeli Mediterranean continental shelf.  
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Fig. S1. Flow diagram of the methodological approach (PRISMA) used in the 
systematic review.  
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Table S1. Information extracted from each selected article (ordered by year). 
Paper ID 
(surname and 
year) 
Type of environment 
(terrestrial/freshwater/
marine/transitional) 
Year of 
publication 
Marine 
Biogeographic 
region 
Terrestrial 
Biogeographic 
region 
Location 
(country) 
Specific 
location (if 
relevant) 
Ecosystem 
type 
Number of 
alien 
species 
included in 
the model 
Alien species 
(type of 
organism) 
Alien 
Species 
(habitat) 
Alien 
species 
(trophic 
level) 
van der Lee et 
al., 2017 
Freshwater 2017 
 
Nearctic Canada 
Lake Erie 
and Lake 
Ontario 
(Great 
Lakes) 
Lake 1 Fish Demersal Low TL 
Foley et al., 
2017 
Freshwater 2017 
 
Nearctic US 
Saginaw 
Bay (Lake 
huron, 
Great 
Lakes) 
Lake 1 Fish Demersal 
Medium 
TL 
Corrales et al., 
2017 
Marine 2017 
Temperate 
Northern 
Atlantic 
 
Israel 
Mediterrane
an Sea 
Sea 41 
Fish and 
Crustaceans 
Both 
Multiple 
TL 
Zhang et al., 
2016 
Freshwater 2016 
 
Nearctic 
Canada 
and US 
Lake Erie Lake 2 Fish Pelagic Low TL 
Walsh et al., 
2016 
Freshwater 2016 
 
Nearctic US 
Lake 
Mendota 
Lake 1 Zooplankton Pelagic Low TL 
Van Zuiden et 
al., 2016 
Freshwater 2016 
 
Nearctic Canada 
722 lakes in 
Ontario 
Lake 1 Fish Pelagic High TL 
Nyamweya et 
al., 2016 
Freshwater 2016 
 
Afrotropical 
Uganda, 
Kenya 
and 
Tanzania 
Lake 
Victoria 
Lake 2 Fish Demersal 
Multiple 
TL 
Natugonza et 
al., 2016 
Freshwater 2016 
 
Afrotropical 
Uganda, 
Kenya 
and 
Tanzania 
Winam 
Gulf (Lake 
Victoria) 
Lake 2 Fish Demersal 
Multiple 
TL 
Liao et al., 
2016 
Freshwater 2016 
 
Nearctic US 
Lake Coeur 
d’Alene 
Lake 1 Plant Demersal Low TL 
Kumar et al., 
2016 
Freshwater 2016 
 
Nearctic US 
Mille Lacs 
Lake 
Lake 2 
Fish and 
bivalvia 
Demersal Low TL 
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Katsanevakis et 
al., 2016 
Marine 2016 
Temperate 
Northern 
Atlantic 
 
Mediterra
nean Sea 
Mediterrane
an Sea 
Sea 60 
Phytoplankton, 
Macroalgae, 
Cnidaria, 
Bryozoa, 
Polychaeta, 
Mollusca, 
Ascidacea and 
Fish 
Both 
Multiple 
TL 
Kao et al., 2016 Freshwater 2016 
 
Nearctic US Lake Huron Lake 6 
Bivalvia and 
Fish 
Both 
Multiple 
TL 
Jellyman and 
Harding, 2016 
Freshwater 2016 
 
Australasian 
New 
Zeland 
South 
Island 
Streams 
and rivers 
1 
Freshwater 
diatom 
Pelagic Low TL 
Isaev et al., 
2016 
Marine 2016 
Temperate 
Northern 
Atlantic 
 
Findland-
Russia-
Estonia 
Gulf of 
Findland 
Sea 1 Polychaete Demersal Low TL 
Bajer et al., 
2016 
Freshwater 2016 
 
Nearctic US Minnesota Lakes 1 Fish Demersal Low TL 
Walrath et al., 
2015 
Freshwater 2015 
 
Nearctic US 
Lake Coeur 
d’Alene 
Lake 1 Fish Demersal High TL 
Rowe et al., 
2015 
Freshwater 2015 
 
Nearctic US 
Lake 
Michigan 
Lakes 2 Bivalvia Demersal Low TL 
Rowe et al., 
2015 
Freshwater 2015 
 
Nearctic US 
Lake 
Michigan 
Lakes 1 Bivalvia Demersal Low TL 
Pagnucco and 
Ricciardi, 2015 
Freshwater 2015 
 
Nearctic Canada 
St. 
Lawrence 
River 
River 1 Fish Demersal 
Multiple 
TL 
Marrack et al., 
2015 
Estuarine 2015 
Eastern Indo-
Pacific  
US 
Island of 
Hawai 
Anchialine 
habitats 
2 Fish and prawn Both 
Multiple 
TL 
Libralato et al., 
2015 
Marine 2015 
Temperate 
Northern 
Atlantic 
 
Italy and 
Croatia 
Gulf of 
Venice 
Sea 26 
Fish, mollusca 
(bivalvia and 
gastropoda), 
crustacea 
(shrimps and 
crabs), jellyfish, 
zooplankton 
(micro and 
macro), 
polychaeta 
Both 
Multiple 
TL 
Li et al., 2015 Marine 2015 
Temperate 
Northern 
Pacific 
 
Canada 
Strait of 
Georgia 
(British 
Columbia) 
Sea 1 Fish Demersal High TL 
Jiang et al., 
2015 
Freshwater 2015 
 
Nearctic 
Canada 
and US 
Lake Erie Lake 2 Bivalvia Demersal Low TL 
Gudimov et al., 
2015 
Freshwater 2015 
 
Nearctic Canada 
Lake 
Simcoe 
Lake 2 Bivalvia Demersal Low TL 
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Gobin et al., 
2015 
Freshwater 2015 
 
Nearctic Canada Lake Huron Lake 2 Bivalvia Demersal Low TL 
Dembkowski et 
al., 2015 
Freshwater 2015 
 
Nearctic US 
Clear Lake 
and Pickerel 
lake (south 
Dakota) 
Lakes 1 Fish Demersal High TL 
De Amorim et 
al., 2015 
Freshwater 2015 
 
Neotropical Brazil 
Itanhaém 
River (Sao 
Paulo state) 
River 1 Plant Demersal Low TL 
Crane et al., 
2015 
Freshwater 2015 
 
Nearctic US 
Lake Erie 
and Lake 
Ontario 
(Great 
Lakes) 
Lake 1 Fish Demersal 
Medium 
TL 
Crane and 
Einhouse, 2015 
Freshwater 2015 
 
Nearctic US Lake Erie Lake 1 Fish Demersal 
Medium 
TL 
Colvin et al., 
2015 
Freshwater 2015 
 
Nearctic US 
Clear Lake 
(Iowa) 
Lake 2 
Bivalvia and 
Fish 
Demersal Low TL 
Bourdeau et al., 
2015 
Freshwater 2015 
 
Nearctic US 
Lake 
Michigan 
Lake 1 Zooplankton Pelagic Low TL 
Anderson et al., 
2015 
Freshwater 2015 
 
Nearctic US 
Lake Erie 
and Lake 
St. Clair 
Lake 2 Fish Pelagic Low TL 
Wong and 
Dowd, 2014 
Marine 2014 
Temperate 
Northern 
Atlantic 
 
Canada 
Little Port 
Joli Lagoon 
(Nova 
Scotia, 
Canada) 
Lagoon 1 Crab Demersal 
Medium 
TL 
Shan et al., 
2014 
Freshwater 2014 
 
Indomalaya China 
Lake 
Dianchi 
(China) 
Lake 4 Fish Both 
Multiple 
TL 
Schwalb et al., 
2014 
Freshwater 2014 
 
Nearctic Canada 
Lake 
Simcoe 
Lake 2 Bivalvia Demersal Low TL 
Rosa et al., 
2014 
Freshwater 2014 
 
Neotropical Brazil 
Extremoz 
Lagoon 
(Brazil) 
Lagoon 1 Fish Demersal High TL 
Rogers et al., 
2014 
Freshwater 2014 
 
Nearctic US 
Lake 
Michigan 
Lake 6 
Bivalvia, 
zooplankton, 
fish 
Both 
Multiple 
TL 
Pinnegar et al., 
2014 
Marine 2014 
Temperate 
Northern 
Atlantic 
 
France 
Bay of 
Carvi 
(Corsica) 
Sea 1 Fish Pelagic High TL 
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Pigneur et al., 
2014 
Freshwater 2014 
 
Palearctic 
France, 
Belgium 
and the 
Netherlan
ds 
River 
Meuse 
River 1 Bivalvia Demersal Low TL 
Olden and 
Tamayo, 2014 
Freshwater 2014 
 
Nearctic US 
King 
County 
(Washingto
n state) 
Lake 1 Plant Demersal Low TL 
Liu et al., 2014 Freshwater 2014 
 
Nearctic Norway Norway River 1 Fish Demersal High TL 
Kratina et al., 
2014 
Estuarine 2014 
Temperate 
Northern 
Pacific 
 
US 
San 
Francisco 
Estuary 
Estuary 7 
Bivalve and 
zooplankton 
Both Low TL 
Kao et al., 2014 Freshwater 2014 
 
Nearctic US 
Saginaw 
Bay 
Lake 7 
Fish, Bivalvia 
and 
zooplankton 
Both 
Multiple 
TL 
Higgins et al., 
2014 
Freshwater 2014 
 
Nearctic and 
Paleartic 
North 
America 
and 
Europe 
North 
America 
and Europe 
Lake 2 Bivalvia Demersal Low TL 
He et al., 2014 Freshwater 2014 
 
Nearctic 
US and 
Canada 
Lake Huron Lake 1 Fish Demersal High TL 
Green et al., 
2014 
Marine 2014 
Tropical 
Atlantic  
Bahamas 
Eleuthera 
island 
(Bahamas) 
Sea 2 Fish Demersal High TL 
Francis et al., 
2014 
Freshwater 2014 
 
Nearctic US 
Lake 
Washington 
(USA) 
Lake 1 Zooplankton Pelagic Low TL 
Cook et al., 
2014 
Estuarine 2014 
Tropical 
Atlantic  
US Florida 
Sea and 
Estuarine 
not 
specified    
Bocaniov et al., 
2014 
Freshwater 2014 
 
Nearctic US Lake Erie Lake 2 Bivalvia Demersal Low TL 
Blamey et al., 
2014 
Marine 2014 
Temperate 
Southern Africa  
South 
Africa 
East of 
Cape 
Hangklip 
(South 
Africa) 
Sea 1 Lobster Demersal 
Medium 
TL 
Akoglu et al., 
2014 
Marine 2014 
Temperate 
Northern 
Atlantic 
 
Turkey Black Sea Sea 1 Ctenophora Pelagic 
Medium 
TL 
Van Guilder 
and Seefelt, 
2013 
Freshwater 2013 
 
Nearctic US 
Beaver 
Archipelago 
of Northern 
Lake 
Michigan 
Lake 1 Fish Demersal 
Medium 
TL 
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Onikura et al., 
2013 
Freshwater 2013 
 
Palearctic Japan 
Kyushu 
Island 
(Japan) 
Lake 1 Fish Demersal 
Medium 
TL 
Magnea et al., 
2013 
Freshwater 2013 
 
Palearctic Italy 
Gran 
Paradiso 
National 
Park (Alps) 
Lakes 1 Fish Pelagic 
Medium 
TL 
Kinter and 
Ludsin, 2013 
Freshwater 2013 
 
Nearctic US 
3 Ohio 
lakes 
Lake 1 Fish Demersal High TL 
Hossain et al., 
2013 
Freshwater 2013 
 
Palearctic Japan 
lake 
Kawahara-
oike, 
Nagasaki 
Lake 2 Fish Pelagic 
Multiple 
TL 
Hattab et al., 
2013 
Marine 2013 
Temperate 
Northern 
Atlantic 
 
Tunisia 
Gulf of 
Gabes 
Gulf 2 Crustaceans Pelagic Low TL 
Clavero et al., 
2013 
Freshwater 2013 
 
Palearctic 
Spain and 
Portugal 
Iberian 
peninsula 
Reservoirs 26 Fish Both 
Multiple 
TL 
Cha et al., 2013 Freshwater 2013 
 
Nearctic US 25 Lakes Lakes 2 Bivalvia Demersal Low TL 
Cerino et al., 
2013 
Marine 2013 
Tropical 
Atlantic  
Bahamas Bahamas Sea 2 Fish Demersal High TL 
Blamey et al., 
2013 
Marine 2013 
Temperate 
Southern Africa  
South 
Africa 
East of 
Cape 
Hangklip 
(South 
Africa) 
Sea 1 Lobster Demersal 
Medium 
TL 
Amundsen et 
al., 2013 
Freshwater 2013 
 
Palearctic Norway 
Takvatn 
lake 
Lake 7 
Fish, parasites 
and birds 
Pelagic 
Multiple 
TL 
Schoen et al., 
2012 
Freshwater 2012 
 
Nearctic US 
Lake 
Chelan 
Lake 2 Fish Pelagic 
Multiple 
TL 
Schindler et al., 
2012 
Freshwater 2012 
 
Nearctic Canada 
Okanagan 
Lake 
Lake 1 Shrimp Pelagic 
Medium 
TL 
Norkko et al., 
2012 
Marine 2012 
Temperate 
Northern 
Atlantic 
 
Findland, 
Estonia, 
Rusia 
Stockholm 
archipelago 
Sea 3 Polychatete Demersal Low TL 
Nilsson et al., 
2012 
Freshwater 2012 
 
Nearctic US 
Northern 
Highlands 
Lake 
District 
(Wisconsin) 
Lake 1 Crab Demersal 
Medium 
TL 
MacDonald et 
al., 2012 
Freshwater 2012 
 
Australasian Australia 
Ovens 
River 
(Australia) 
River 1 Fish Pelagic 
Medium 
TL 
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Langseth et al., 
2012 
Freshwater 2012 
 
Nearctic US 
Lake Huron 
and Lake 
Michigan 
Lake 4 
Fish, 
zooplankton 
and bivalvia 
Both 
Multiple 
TL 
Hossain et al., 
2012 
Freshwater 2012 
 
Nearctic Canada 
Hamilton 
Harbour 
(Lake 
Ontario) 
Lake 3 
Fish and 
bivalvia 
Demersal 
Multiple 
TL 
Hermoso et al., 
2012 
Freshwater 2012 
 
Palearctic 
Spain-
Portugal 
Guadiana 
River 
River 
not 
specified 
Fish 
  
Ferguson et al., 
2012 
Freshwater 2012 
 
Nearctic US 
Flathead 
River 
Lakes 1 Fish Pelagic High TL 
Green et al., 
2012 
Marine 2012 
Tropical 
Atlantic  
Bahamas 
New 
Providence 
Sea 2 Fish Demersal High TL 
Downing et al., 
2012 
Freshwater 2012 
 
Afrotropical Tanzania 
Mwanza 
(Lake 
Victoria) 
Lake 2 Fish Both 
Multiple 
TL 
Descy et al., 
2012 
Freshwater 2012 
 
Palearctic France 
River Loire 
(France) 
River 1 Bivalvia Demersal Low TL 
Correa and 
Henry, 2012 
Freshwater 2012 
 
Neotropical Chile 
Ayse´n 
region 
(Patagonia) 
Lake 2 Fish Pelagic High TL 
Blukacz-
Richards and 
Koops, 2012 
Freshwater 2012 
 
Nearctic Canada 
Bay of 
Quinte 
Lake 1 Bivalvia Demersal Low TL 
Beville et al., 
2012 
Freshwater 2012 
 
Australasian 
New 
Zealand 
North 
Canterbury 
(New 
Zealand) 
Lake, river 
and 
streams 
1 Alga Pelagic Low TL 
Baird et al., 
2012 
Marine 2012 
Temperate 
Northern 
Atlantic 
 
German-
Denmark 
Sylt-Rømø 
Bight 
ecosystem 
(isle of 
Sylt) 
(German-
Denmark) 
semi-
enclosed 
basin 
2 Bivalvia Demersal Low TL 
Zhang et al., 
2011 
Freshwater 2011 
 
Nearctic 
US and 
Canada 
Lake Erie Lake 2 Bivalvia Demersal Low TL 
Woodford et 
al., 2011 
Freshwater 2011 
 
Australasian 
New 
Zealand 
Waimakarir
i and 
Waitaki 
Rivers 
(New 
Zealand) 
River 2 Fish Pelagic High TL 
Annex 1 
 
247 
Wenger et al., 
2011 
Freshwater 2011 
 
Nearctic US 
Western 
United 
States 
Streams 3 Fish Pelagic High TL 
Stewart and 
Sprules, 2011 
Freshwater 2011 
 
Nearctic US 
Lake 
Ontario 
Lake 4 
Bivalvia and 
cladoceran 
Both Low TL 
Sharma et al., 
2011 
Freshwater 2011 
 
Nearctic US 
Wisconsin 
(US) 
Lakes 1 Fish Pelagic 
Medium 
TL 
Roy et al., 2011 Freshwater 2011 
 
Nearctic 
US and 
Canada 
Sandusky 
Bay (Lake 
Erie) 
Lake 2 Bivalvia Demersal Low TL 
Olden et al., 
2011 
Freshwater 2011 
 
Nearctic US 
Wisconsin 
(US) 
Lakes and 
rivers 
1 Crab Demersal 
Medium 
TL 
Lercari and 
Bergamino, 
2011 
Estuarine 2011 
Temperate 
South America  
Uruguay 
and 
Argentin
a 
Río de la 
Plata 
estuary 
Estuary 2 
Gastropoda and 
Bivalvia 
Demersal 
Multiple 
TL 
Higgins et al., 
2011 
Freshwater 2011 
 
Nearctic 
US and 
Canada 
North 
America 
Lakes 2 Bivalvia Demersal Low TL 
Hermoso et al., 
2011 
Freshwater 2011 
 
Palearctic 
Spain-
Portugal 
Guadiana 
River 
River 10 Fish Both 
Multiple 
TL 
Haught and von 
Hippel, 2011 
Freshwater 2011 
 
Nearctic US 
Cook Inlet 
Basin 
(alaska) 
Lakes 1 Fish Demersal High TL 
Grosholz et al., 
2011 
Marine 2011 
Temperate 
Northern 
Pacific 
 
US 
West coast 
of the 
United 
States 
Estuary 1 Crab Demersal 
Medium 
TL 
Fetahi et al., 
2011 
Freshwater 2011 
 
Afrotropical Ethiopia lake Hayq Lake 3 Fish Pelagic Low TL 
Cha et al., 2011 Freshwater 2011 
 
Nearctic US 
Saginaw 
Bay 
Lake 2 Bivalvia Demersal Low TL 
Boulêtreau et 
al., 2011 
Freshwater 2011 
 
Palearctic France 
Rhone 
River 
(France) 
River 1 Fish Demersal High TL 
Benjamin et al., 
2011 
Freshwater 2011 
 
Palearctic US 
Rocky 
Mountains 
Streams 1 Fish Pelagic 
Medium 
TL 
Arias-Gonzalez 
et al., 2011 
Marine 2011 
Tropical 
Atlantic  
Mexico 
Alacranes 
Reef 
(Mexico) 
Reef 1 Fish Demersal High TL 
Tsagarakis et 
al., 2010 
Marine 2010 
Temperate 
Northern 
Atlantic 
 
Greece 
North 
Aegean Sea 
(Strymonik
os Gulf and 
Thracian 
Sea) 
Sea and 
Gulf 
1 Ctenophora Pelagic 
Medium 
TL 
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Taraborelli et 
al., 2010 
Freshwater 2010 
 
Nearctic US 
Bay of 
Quinte 
Lake 1 Fish Demersal 
Medium 
TL 
Stewart et al., 
2010 
Freshwater 2010 
 
Nearctic US 
Lake 
Ontario 
Lake 1 
Bivalvia and 
cladoceran 
Both Low TL 
Roy et al., 2010 Freshwater 2010 
 
Nearctic US 
Sandusky 
Bay (Lake 
Erie) 
Lake 2 Bivalvia Demersal Low TL 
Miller et al., 
2010 
Freshwater 2010 
 
Nearctic US 
Lake 
Michigan 
Lake 1 Zooplankton Pelagic Low TL 
Cooke and Hill, 
2010 
Freshwater 2010 
 
Nearctic 
US and 
Canada 
Laurentian 
Great Lakes 
Lake 2 Fish Pelagic Low TL 
Ciancio et al., 
2010 
Marine 2010 
Temperate 
South America  
Argentin
a 
Patagonian 
Continental 
Shelf 
(Argentina) 
Sea 2 Fish Pelagic High TL 
Auer et al., 
2010 
Freshwater 2010 
 
Nearctic 
US and 
Canada 
Laurentian 
Great Lakes 
Lake 2 Bivalvia Demersal Low TL 
Vigliano et al., 
2009 
Freshwater 2009 
 
Neotropical 
Argentin
a 
Lake 
Moreno 
(Patagonia) 
Lake 1 Fish Pelagic High TL 
Stapanian et al., 
2009 
Freshwater 2009 
 
Nearctic US 
East Harbor 
State Park 
(Lake Erie) 
Lake 2 Bivalvia Demersal Low TL 
Myers et al., 
2009 
Freshwater 2009 
 
Nearctic Canada 
Thunder 
and Black 
bays (lake 
superior) 
Lake 1 Fish Pelagic 
Medium 
TL 
Miehls et al., 
2009 
Freshwater 2009 
 
Nearctic US 
Oneida 
Lake 
Lake 2 Bivalvia Demersal Low TL 
Miehls et al., 
2009 
Freshwater 2009 
 
Nearctic Canada 
Bay of 
Quinte 
Lake 2 Bivalvia Demersal Low TL 
Laruelle et al., 
2009 
Marine 2009 
Temperate 
Northern 
Atlantic 
 
France 
Bay of 
Brest 
Bay 1 Bivalvia Demersal Low TL 
Kateregga and 
Sterner, 2009 
Freshwater 2009 
 
Afrotropical 
Uganda, 
Kenya 
and 
Tanzania 
Lake 
Victoria 
Lake 1 Plant Demersal Low TL 
Horsch and 
Lewis, 2009 
Freshwater 2009 
 
Nearctic US 
Wisconsin 
(US) 
Lake 1 Plant Demersal Low TL 
Glaser et al., 
2009 
Freshwater 2009 
 
Nearctic US 
Seneca 
River (US) 
River 1 Bivalvia Demersal Low TL 
Fishman et al., 
2009 
Freshwater 2009 
 
Nearctic US 
Saginaw 
Bay 
Lake 1 Bivalvia Demersal Low TL 
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Feroz Khan and 
Pinnikar, 2009 
Freshwater 2009 
 
Indomalayan India 
Kelavarapal
li reservoir 
(India) 
Reservoir 3 Fish Both 
Multiple 
TL 
Aravena et al., 
2009 
Estuarine 2009 
Temperate 
Northern 
Atlantic 
 
Spain 
Bilbao 
estuary 
Estuary 1 copepoda Pelagic Low TL 
Zhang et al., 
2008 
Freshwater 2008 
 
Nearctic 
US and 
Canada 
Lake Erie Lake 2 Bivalvia Demersal Low TL 
Vinson and 
Baker, 2008 
Freshwater 2008 
 
Nearctic US 
Green 
River, Utah, 
downstream 
from 
Flaming 
Gorge Dam 
River 1 
Snail, 
Gastropoda 
Demersal Low TL 
Villanueva et 
al., 2008 
Freshwater 2008 
 
Afrotropical 
Congo 
and 
Ruanda 
Lake Kivu Lake 3 Fish Both 
Multiple 
TL 
Pothoven and 
Madenjian, 
2008 
Freshwater 2008 
 
Nearctic 
 
Lakes 
Michigan 
and Huron 
Lake 2 Bivalvia Demersal Low TL 
            
Oguz et al., 
2008 
Marine 2008 
Temperate 
Northern 
Atlantic 
 
Turkey, 
Bulgaria, 
Romania, 
Ukraine, 
Russia 
and 
Georgia 
Black Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
Oguz et al., 
2008 
Marine 2008 
Temperate 
Northern 
Atlantic 
 
Turkey, 
Bulgaria, 
Romania, 
Ukraine, 
Russia 
and 
Georgia 
Black Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
Negus et al., 
2008 
Freshwater 2008 
 
Nearctic US 
Lake 
Superior 
Sea 2 Fish Both High TL 
Boegman et al., 
2008 
Freshwater 2008 
 
Nearctic 
US and 
Canada 
Lake Erie Lake 2 Bivalvia Demersal Low TL 
Boegman et al., 
2008 
Freshwater 2008 
 
Nearctic 
US and 
Canada 
Lake Erie Lake 2 Bivalvia Demersal Low TL 
Blanchet et al., 
2008 
Freshwater 2008 
 
Nearctic Canada 
Malbaie 
river 
River 1 Fish Pelagic High TL 
Arbach Leloup 
et al., 2008 
Marine 2008 
Temperate 
Northern 
Atlantic 
 
France 
Bay of 
Mont Saint 
Michel 
Bay 1 Gastropoda Demersal Low TL 
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Rowe, 2007 Freshwater 2007 
 
Australasian 
New 
Zealand 
New 
Zealand 
(north) 
Lake 6 Fish Both 
Multiple 
TL 
Qualls et al., 
2007 
Freshwater 2007 
 
Nearctic US 
Lower 
Green Bay 
(Lake 
Michigan) 
Lake 1 Bivalvia Demersal Low TL 
Pine et al., 
2007 
Freshwater 2007 
 
Nearctic US 
Neuse River 
(Contentnea 
Creek) 
River 1 Fish Demersal High TL 
Ortiz and Stotz, 
2007 
Marine 2007 
Temperate 
South America  
Chile 
North-
central 
coast of 
Chile 
Sea 1 Gastropoda Demersal Low TL 
Morales et al., 
2007 
Freshwater 2007 
 
Nearctic US 
Upper 
Mississippi 
River 
River 1 Bivalvia Demersal Low TL 
Light and 
Marchetti, 2007 
Freshwater 2007 
 
Nearctic US 
California’s 
major 
watersheds 
watersheds 
not 
specified 
Fishes 
  
Jaarsma et al., 
2007 
Freshwater 2007 
 
Palearctic 
Netherlan
ds 
Rhine and 
Meuse 
rivers 
River 2 Amphipoda Demersal Low TL 
Caldow et al., 
2007 
Marine 2007 
Temperate 
Northern 
Atlantic 
 
UK 
Poole 
Harbour 
Sea 1 Bivalvia Demersal Low TL 
Morales et al., 
2006 
Freshwater 2006 
 
Nearctic US 
Upper 
Mississippi 
River 
River 1 Bivalvia Demersal Low TL 
Matsuishi et al., 
2006 
Freshwater 2006 
 
Afrotropical 
Uganda, 
Kenya 
and 
Tanzania 
Lake 
Victoria 
Lake 1 Fish Demersal High TL 
Gribben and 
Wright, 2006 
Estuarine 2006 
Temperate 
Australasia  
Australia 
Lake 
Conjola 
Estuary 1 Alga Demersal Low TL 
Frésard and 
Boncoeur, 2006 
Marine 2006 
Temperate 
Northern 
Atlantic 
 
France 
Bay of 
Brest 
Bay 1 Gastropoda Demersal Low TL 
Frésard and 
Boncoeur, 2006 
Marine 2006 
Temperate 
Northern 
Atlantic 
 
France 
Bay of St-
Brieuc 
Bay 1 Gastropoda Demersal Low TL 
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Morozov et al., 
2005 
Marine 2005 
Temperate 
Northern 
Atlantic 
 
Turkey, 
Bulgaria, 
Romania, 
Ukraine, 
Russia 
and 
Georgia 
Black Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
Madenjian et 
al., 2005 
Freshwater 2005 
 
Nearctic US 
Lake 
Michigan 
Lake 1 Fish Pelagic 
Medium 
TL 
Lee and 
Johnson, 2005 
Freshwater 2005 
 
Nearctic US 
Lake Erie 
and Lake 
St. Clair 
Lake 1 Fish Demersal 
Medium 
TL 
Knowler and 
Barbier, 2005 
Marine 2005 
Temperate 
Northern 
Atlantic 
 
Turkey, 
Bulgaria, 
Romania, 
Ukraine, 
Russia 
and 
Georgia 
Black Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
Knowler, 2005 Marine 2005 
Temperate 
Northern 
Atlantic 
 
Turkey, 
Bulgaria, 
Romania, 
Ukraine, 
Russia 
and 
Georgia 
Black Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
Knapp, 2005 Freshwater 2005 
 
Nearctic US 
Yosemite 
National 
Park 
(California) 
lentic water 
bodies 
2 Fish Pelagic High TL 
Johnson et al., 
2005 
Freshwater 2005 
 
Nearctic 
US and 
Canada 
Lake Erie lake 1 Fish Demersal 
Medium 
TL 
Harvey and 
Kareiva, 2005 
Freshwater 2005 
 
Nearctic US 
John Day 
Reservoir 
Reservoir 4 Fish Both 
Multiple 
TL 
Bunnell et al., 
2005 
Freshwater 2005 
 
Nearctic 
US and 
Canada 
Lake Erie lake 1 Fish Demersal 
Medium 
TL 
Bierman et al., 
2005 
Freshwater 2005 
 
Nearctic US 
Saginaw 
Bay 
lake 1 Bivalvia Demersal Low TL 
Le Pape et al., 
2004 
Marine 2004 
Temperate 
Northern 
Atlantic 
 
France 
Bay of 
Biscay 
Sea 1 Bivalvia Demersal Low TL 
Cox and 
Kitchell, 2004 
Freshwater 2004 
 
Nearctic 
US and 
Canada 
Lake 
Superior 
Lake 2 Fish Both 
Multiple 
TL 
Ruzycki et al., 
2003 
Freshwater 2003 
 
Nearctic US 
Yellowston
e Lake 
Lake 1 Fish Pelagic High TL 
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Ricciardi, 2003 Freshwater 2003 
 
Nearctic 
US and 
Canada 
North 
America 
Lakes and 
rivers 
1 Bivalvia Demersal Low TL 
Pranovi et al., 
2003 
Marine 2003 
Temperate 
Northern 
Atlantic 
 
Italy 
Venice 
lagoon 
Lagoon 1 Bivalvia Demersal Low TL 
Porath et al., 
2003 
Freshwater 2003 
 
Nearctic US 
Lake 
McConaugh
y 
Lake 1 Fish Pelagic 
Medium 
TL 
Laxson et al., 
2003 
Freshwater 2003 
 
Nearctic US 
Lake 
Ontario 
lake 1 
Crustacea-
zooplankton 
Pelagic Low TL 
Halstead et al., 
2003 
Freshwater 2003 
 
Nearctic US 
New 
Hampshire 
lake 1 Plant Demersal Low TL 
Descy et al., 
2003 
Freshwater 2003 
 
Palearctic 
France, 
Luxembu
rg and 
Germany 
Moselle 
river 
River 1 Bivalvia Demersal Low TL 
Beisner et al., 
2003 
Freshwater 2003 
 
Nearctic US 
Crystal and 
Sparkling 
Lakes 
Lake 1 Fish Pelagic 
Medium 
TL 
Villanueva and 
Moreau, 2002 
Freshwater 2002 
 
Afrotropical 
Uganda, 
Kenya 
and 
Tanzania 
Lake 
Victoria 
Lake 2 Fish Demersal 
Multiple 
TL 
Stapp and 
Hayward, 2002 
Freshwater 2002 
 
Nearctic US 
Yellowston
e Lake 
Lake 1 Fish Pelagic High TL 
Settle and 
Shogren, 2002 
Freshwater 2002 
 
Nearctic US 
Yellowston
e Lake 
Lake 1 Fish Pelagic High TL 
Raborn et al. 
2002 
Freshwater 2002 
 
Nearctic US 
Norris 
Reservoir 
(Tennessee) 
Reservoir 1 Fish Demersal High TL 
Lancelot et al., 
2002 
Marine 2002 
Temperate 
Northern 
Atlantic 
 
Turkey, 
Bulgaria, 
Romania, 
Ukraine, 
Russia 
and 
Georgia 
Black Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
Gucu, 2002 Marine 2002 
Temperate 
Northern 
Atlantic 
 
Turkey, 
Bulgaria, 
Romania, 
Ukraine, 
Russia 
and 
Georgia 
Black Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
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Daskalov, 2002 Marine 2002 
Temperate 
Northern 
Atlantic 
 
Turkey, 
Bulgaria, 
Romania, 
Ukraine, 
Russia 
and 
Georgia 
Black Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
Oguz et al., 
2001 
Marine 2001 
Temperate 
Northern 
Atlantic 
 
Turkey, 
Bulgaria, 
Romania, 
Ukraine, 
Russia 
and 
Georgia 
Black Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
Hoffman et al., 
2001 
Freshwater 2001 
 
Nearctic US 
Long Lake 
Grand 
Traverse 
County 
Lake 1 Zooplankton Pelagic Low TL 
Byers and 
Goldwasser, 
2001 
Marine 2001 
Temperate 
Northern 
Pacific 
 
US 
Bolinas 
Lagoon 
Sea 1 Gastropoda Demersal Low TL 
Reed-Andersen 
et al., 2000 
Freshwater 2000 
 
Nearctic US 
Lake 
Mendota 
Lake 1 Bivalvia Demersal Low TL 
Kitchell et al., 
2000 
Freshwater 2000 
 
Nearctic US 
Lake 
Superior 
Lake 5 Fish Both 
Multiple 
TL 
Rutherford et 
al., 1999 
Freshwater 1999 
 
Nearctic US 
Oneida 
Lake 
Lake 1 Bivalvia Demersal Low TL 
Murray and 
Parslow, 1999 
Marine 1999 
Temperate 
Australasia  
Australia 
Port Phillip 
Bay 
Lake 1 Annelid Demersal Low TL 
MacIsaac et al., 
1999 
Freshwater 1999 
 
Nearctic US Lake Erie lake 1 Bivalvia Demersal Low TL 
Berdnikov et 
al., 1999 
Marine 1999 
Temperate 
Northern 
Atlantic 
 
Turkey, 
Bulgaria, 
Romania, 
Ukraine, 
Russia 
and 
Georgia 
Black Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
Pace et al., 
1998 
Freshwater 1998 
 
Nearctic US 
Hudson 
river 
estuary 
River 1 Bivalvia Demersal Low TL 
Kitchell et al., 
1997 
Freshwater 1997 
 
Afrotropical 
Uganda, 
Kenya 
and 
Tanzania 
Lake 
Victoria 
Lake 1 Fish Demersal High TL 
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Caraco et al., 
1997 
Freshwater 1997 
 
Nearctic US 
Hudson 
river 
estuary 
River 1 Bivalvia Demersal Low TL 
Young et al., 
1996 
Freshwater 1996 
 
Nearctic US Lake Erie Lake 1 Bivalvia Demersal Low TL 
Padilla et al., 
1996 
Freshwater 1996 
 
Nearctic US 
Lake 
Michigan 
Lake 1 Bivalvia Demersal Low TL 
Mavuti et al., 
1996 
Freshwater 1996 
 
Afrotropical 
Kenya 
and 
Rwanda 
Lake 
Naivasha 
lake 4 Fish Both 
Multiple 
TL 
Yurista and 
Schulz, 1995 
Freshwater 1995 
 
Nearctic US 
Lake 
Michigan 
Lake 1 Zooplankton Demersal Low TL 
Volovik et al., 
1995 
Marine 1995 
Temperate 
Northern 
Atlantic 
 
Ucraine 
and 
Russia 
Azov Sea Sea 1 Ctenophore Pelagic 
Medium 
TL 
Ricciardi et al., 
1995 
Freshwater 1995 
 
Nearctic 
US and 
Canada 
St. 
Lawrence 
River 
River 2 Bivalvia Demersal Low TL 
Negus, 1995 Freshwater 1995 
 
Nearctic US 
Lake 
Superior 
Lake 3 Fish Pelagic High TL 
Madenjian, 
1995 
Freshwater 1995 
 
Nearctic US Lake Erie Lake 1 Bivalvia Demersal Low TL 
Moreau et al., 
1993 
Freshwater 1993 
 
Afrotropical Kenya 
Lake 
Victoria 
Lake 2 Fish Demersal 
Multiple 
TL 
Schneider, 
1992 
Freshwater 1992 
 
Nearctic 
US and 
Canada 
Lakes Erie, 
Michigan, 
Huron, 
Ontario, 
and 
Superior 
Lake 1 Bivalvia Demersal Low TL 
Fontaine and 
Stewart, 1992 
Freshwater 1992 
 
Nearctic US 
Lake 
Michigan 
Lake 1 
Zooplankton 
and fish 
Both 
Multiple 
TL 
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Paper ID 
(surname and 
year) 
Model Category 
Was the 
model based 
on data or 
theoretical? 
Data type: Temporal 
(static-comparison 
between periods-
dynamic) 
Data type: Spatial 
(non-spatial-
comparison between 
sites-fully spatial) 
Were other external drivers 
taken into account (e.g., 
climate changes, pollution, 
fisheries …)? (yes/no) 
Describe which external 
drivers of change were taken 
into account 
Was the 
model 
validated? 
(yes/no) 
van der Lee et 
al., 2017 
Bioenergetic and simple 
population model 
Based on data dynamic 
comparison between 
sites 
yes Temperature conditions yes 
Foley et al., 
2017 
Bioenergetic model Based on data dynamic non-spatial no 
 
no 
Corrales et al., 
2017 
EwE Based on data 
comparison between 
periods 
non-spatial yes Fishing yes 
Zhang et al., 
2016 
EwE Theoretical dynamic non-spatial yes Nutrient loading and fisheries yes 
Walsh et al., 
2016 
MARSS model Based on data dynamic non-spatial yes P loading and temperature yes 
Van Zuiden et 
al., 2016 
Multiple regression models Based on data dynamic non-spatial yes Climate change yes 
Nyamweya et 
al., 2016 
Atlantis Based on data dynamic fully spatial yes 
Fisheries, nutrient loading and 
temperature 
yes 
Natugonza et 
al., 2016 
EwE Based on data 
comparison between 
periods 
non-spatial yes Fisheries yes 
Liao et al., 2016 Hedonic pricing model Based on data static non-spatial no 
 
yes 
Kumar et al., 
2016 
EwE Based on data dynamic non-spatial yes Fisheries yes 
Katsanevakis et 
al., 2016 
CIMPAL Based on data static fully spatial no 
 
no 
Kao et al., 2016 EwE Based on data dynamic non-spatial yes Fishing and nutrient loading yes 
Jellyman and 
Harding, 2016 
Partial Least Square path 
model 
Based on data static non-spatial no 
 
no 
Isaev et al., 
2016 
Three-dimensional SPBEM 
model 
Based on data dynamic fully spatial yes 
Nutrient load and climate 
change 
no 
Bajer et al., 
2016 
Linear model (simple and 
multivariate) 
Based on data static 
comparison between 
sites 
no 
 
no 
Walrath et al., 
2015 
Bioenergetic model Based on data dynamic non-spatial no 
 
no 
Rowe et al., 
2015 
Geostatistical model to 
predict dreissenids biomass 
(spatial) 
Based on data dynamic fully spatial no 
 
yes 
Rowe et al., 
2015 
Biophysical model Based on data dynamic fully spatial no 
 
yes 
Pagnucco and 
Ricciardi, 2015 
Multiple regression models 
and structural equation 
modeling 
Based on data static 
comparison between 
sites 
no 
 
no 
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Marrack et al., 
2015 
Generalized additive model 
(GAM) 
Based on data static non-spatial no 
 
no 
Libralato et al., 
2015 
EwE Theoretical dynamic non-spatial yes 
Fishing and climate change 
(temperature rise and changes 
in primary production) 
no 
Li et al., 2015 EwE Theoretical dynamic non-spatial yes 
Fishing and climate change 
(temperature rise and changes 
in primary production) 
no 
Jiang et al., 
2015 
Biogeochemical model Based on data dynamic fully spatial yes Nutrient loading yes 
Gudimov et al., 
2015 
Total phosphorous mass 
model 
Based on data dynamic fully spatial yes Nutrient loading yes 
Gobin et al., 
2015 
Growth model and 
recruitment model 
Based on data dynamic non-spatial yes Temperature no 
Dembkowski et 
al., 2015 
Bioenergetic model Based on data 
comparison between 
periods 
comparison between 
sites 
no 
 
no 
De Amorim et 
al., 2015 
Generalized linear model 
(GLM) 
Based on data static 
comparison between 
sites 
no 
 
no 
Crane et al., 
2015 
Quantile regression models Based on data 
comparison between 
periods 
non-spatial yes Temperature no 
Crane and 
Einhouse, 2015 
Von Bertalanffy growth 
model 
Based on data 
comparison between 
periods 
non-spatial no 
 
no 
Colvin et al., 
2015 
EwE Based on data 
comparison between 
periods 
non-spatial yes Fisheries no 
Bourdeau et al., 
2015 
Multiple linear regression 
models and ordinary least 
squares regression 
Based on data 
comparison between 
periods 
non-spatial yes 
Environment (temp, light, chl-
A) and limnological parameters 
(epilimnion depth, epilimnion 
temperature, hypolimnion 
depth, hypolimnion 
temperature, Chl a 
concentration and the depth of 
its maximum, Secchi depth and 
attenuation coefficient 
no 
Anderson et al., 
2015 
Bioenergetic model Based on data dynamic non-spatial yes Temperature no 
Wong and 
Dowd, 2014 
EwE Based on data dynamic non-spatial yes Fisheries no 
Shan et al., 
2014 
EwE Based on data static non-spatial yes Fisheries no 
Schwalb et al., 
2014 
ELCOM-CAEDYM model 
with a mussel sub-model to 
include mussel energetics 
and dynamics 
Based on data dynamic fully spatial yes 
Nutrients (dissolved 02, P, N, 
N, silica) and temperature 
yes 
Rosa et al., 
2014 
EwE Based on data dynamic non-spatial yes Fisheries no 
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Rogers et al., 
2014 
EwE Based on data dynamic non-spatial yes Fisheries yes 
Pinnegar et al., 
2014 
EwE Theoretical dynamic non-spatial yes Fisheries no 
Pigneur et al., 
2014 
PEGASE with POTAMON 
model 
Based on data dynamic fully spatial yes 
Hydrodynamic (gauging 
stations), temperature (thermal 
release from power plants), and 
nutrient loading 
yes 
Olden and 
Tamayo, 2014 
Hedonic model Based on data static non-spatial no 
 
yes 
Liu et al., 2014 Bioeconomic model Based on data dynamic non-spatial yes Fisheries no 
Kratina et al., 
2014 
Multivariate autoregressive 
(MAR) models 
Based on data 
comparison between 
periods 
comparison between 
sites 
yes Temperature no 
Kao et al., 2014 EwE Based on data dynamic non-spatial yes Fisheries and nutrient loads yes 
Higgins et al., 
2014 
Lake autotrophic structure 
model (LAS) 
Based on data dynamic non-spatial yes Nutrient loading no 
He et al., 2014 
Age-structured model with 
bioenergetic model 
Based on data dynamic non-spatial no 
 
yes 
Green et al., 
2014 
Size-structured model of 
predation 
Based on data dynamic non-spatial yes Fishing no 
Francis et al., 
2014 
Multivariate autoregressive 
(MAR) models 
Based on data dynamic non-spatial yes Nutrients (P) and temperature yes 
Cook et al., 
2014 
DPSER (EBM-Driver-
Pressure-State-Ecosystem 
service-Response) model 
Theoretical static non-spatial yes Fisheries, climate change no 
Bocaniov et al., 
2014 
ELCOM-CAEDYM model 
with a mussel sub-model to 
include mussel energetics 
and dynamics 
Based on data dynamic fully spatial yes Nutrient load and temperature yes 
Blamey et al., 
2014 
MICE Based on data dynamic non-spatial yes Fisheries yes 
Akoglu et al., 
2014 
EwE Based on data 
comparison between 
periods 
non-spatial yes Fishery no 
Van Guilder 
and Seefelt, 
2013 
Bioenergetic model Based on data 
comparison between 
periods 
non-spatial no 
 
no 
Onikura et al., 
2013 
Generalized linear model 
(GLM) 
Based on data static fully spatial no 
 
no 
Magnea et al., 
2013 
Simplified lake ecosystem 
mathematical model (food 
web model) 
Based on data dynamic non-spatial yes Nutrient loading yes 
Kinter and 
Ludsin, 2013 
EwE Based on data dynamic non-spatial yes Fisheries and nutrient loading no 
Hossain et al., 
2013 
EwE Based on data static non-spatial no 
 
no 
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Hattab et al., 
2013 
EwE Based on data static non-spatial yes Fisheries no 
Clavero et al., 
2013 
Multiple regression models 
and Structural equation 
modeling 
Based on data static non-spatial yes Footprint yes 
Cha et al., 2013 
Bayesian hierarchical 
regressions 
Based on data 
comparison between 
periods 
comparison between 
sites 
no 
 
no 
Cerino et al., 
2013 
Bioenergetic model Based on data dynamic non-spatial no 
 
yes 
Blamey et al., 
2013 
MICE Based on data dynamic 
comparison between 
sites 
yes Fisheries yes 
Amundsen et 
al., 2013 
Pelagic food web Based on data 
comparison between 
periods 
non-spatial no 
 
no 
Schoen et al., 
2012 
Bioenergetic model Based on data static non-spatial no 
 
yes 
Schindler et al., 
2012 
Multivariate autoregressive 
models (MARs) 
Based on data dynamic 
comparison between 
sites 
yes Temperature yes 
Norkko et al., 
2012 
Reactive-transport model Based on data dynamic non-spatial no 
 
yes 
Nilsson et al., 
2012 
Hierarchical Bayesian model Based on data static 
comparison between 
sites 
no 
 
no 
MacDonald et 
al., 2012 
Species occupancy models, 
boosted regression trees and 
linear and logistic regression 
models 
Based on data static 
comparison between 
sites 
no 
 
no 
Langseth et al., 
2012 
EwE Based on data dynamic non-spatial yes Fisheries yes 
Hossain et al., 
2012 
EwE Based on data static non-spatial yes Fisheries no 
Hermoso et al., 
2012 
MARS and regression 
models (Structural equation 
models) 
Based on data dynamic non-spatial yes Land uses and water quality no 
Ferguson et al., 
2012 
Competition model, 
predation model and null 
model 
Based on data static non-spatial no 
 
no 
Green et al., 
2012 
Linear mixed-effect model Based on data 
comparison between 
periods 
non-spatial no 
 
no 
Downing et al., 
2012 
EwE Based on data 
comparison between 
periods 
non-spatial yes Fisheries no 
Descy et al., 
2012 
PEGASE with POTAMON 
model 
Based on data dynamic 
comparison between 
sites 
yes 
Hydrodynamic (gauging 
stations), temperature (thermal 
release from power plants), and 
nutrient loading 
yes 
Correa and 
Henry, 2012 
Linear models and structural 
equation modelling 
Based on data static 
comparison between 
sites 
no 
 
yes 
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Blukacz-
Richards and 
Koops, 2012 
EwE Based on data static non-spatial yes Fisheries no 
Beville et al., 
2012 
Behavioural choice model Based on data static non-spatial yes Fisheries no 
Baird et al., 
2012 
Quantified network models Based on data 
comparison between 
periods 
non-spatial no 
 
no 
Zhang et al., 
2011 
Two-dimensional 
hydrodynamic and water 
quality model (CE-QUAL-
W2) 
Based on data dynamic fully spatial yes Nutrient loading no 
Woodford et al., 
2011 
GIS-based spatial model Based on data static fully spatial no 
 
yes 
Wenger et al., 
2011 
SDMs Based on data dynamic fully spatial yes Temperature yes 
Stewart and 
Sprules, 2011 
EwE Based on data 
comparison between 
periods 
non-spatial yes Fishing no 
Sharma et al., 
2011 
SDMs Based on data dynamic fully spatial yes Climate change yes 
Roy et al., 2011 Social-ecological model Based on data dynamic fully spatial yes 
Nutrient loading and water 
temperature 
yes 
Olden et al., 
2011 
SDMs Based on data dynamic fully spatial yes Recreational users of lakes yes 
Lercari and 
Bergamino, 
2011 
EwE Based on data static non-spatial yes Fishing no 
Higgins et al., 
2011 
Least square regressions and 
ANCOVA 
Based on data 
comparison between 
periods 
comparison between 
sites 
no 
 
no 
Hermoso et al., 
2011 
Multiple regression model 
and structural equation 
modeling (SEM) 
Based on data static non-spatial yes Habitat degradation yes 
Haught and von 
Hippel, 2011 
Curvilinear regression, 
multiple linear regression 
and multiple logistic 
regression 
Based on data static 
comparison between 
sites 
no 
 
yes 
Grosholz et al., 
2011 
Bioeconomic model Based on data dynamic 
comparison between 
sites 
yes Fishing yes 
Fetahi et al., 
2011 
EwE Based on data 
comparison between 
periods 
non-spatial yes Fishing no 
Cha et al., 2011 
Mass balance model of 
phosphorus 
Based on data dynamic non-spatial yes Nutrient loading no 
Boulêtreau et 
al., 2011 
Mass balance model of 
phosphorus 
Based on data static non-spatial no 
 
no 
Benjamin et al., 
2011 
Linear mixed model Based on data static 
comparison between 
sites 
no 
 
yes 
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Arias-Gonzalez 
et al., 2011 
EwE Based on data dynamic non-spatial yes Fishing yes 
Tsagarakis et 
al., 2010 
EwE Based on data static non-spatial yes Fishing no 
Taraborelli et 
al., 2010 
Bioenergetic model Based on data dynamic 
comparison between 
sites 
no 
 
no 
Stewart et al., 
2010 
Stochastic population-based 
bioenergetic models 
Based on data dynamic non-spatial yes Climate change no 
Roy et al., 2010 
Social–ecological systems 
(SESs) 
Based on data dynamic non-spatial yes 
Temperature and nutrient 
loading 
yes 
Miller et al., 
2010 
Lake Michigan Ecosystem 
Model (LM-Eco) 
Based on data dynamic fully spatial no 
 
yes 
Cooke and Hill, 
2010 
Bioenergetic model Based on data dynamic 
comparison between 
sites 
no 
 
no 
Ciancio et al., 
2010 
Bioenergetic model Based on data dynamic 
comparison between 
sites 
no 
 
no 
Auer et al., 
2010 
Mass-balance modeling 
approach 
Based on data static 
comparison between 
sites 
no 
 
no 
Vigliano et al., 
2009 
Bioenergetic model Based on data dynamic non-spatial no 
 
no 
Stapanian et al., 
2009 
Two-tiered modelling 
approach 
Based on data dynamic non-spatial no 
 
yes 
Myers et al., 
2009 
Bioenergetic model Based on data static 
comparison between 
sites 
no 
 
no 
Miehls et al., 
2009 
ENA Based on data 
comparison between 
periods 
non-spatial no 
 
no 
Miehls et al., 
2009 
ENA Based on data 
comparison between 
periods 
comparison between 
sites 
no 
 
no 
Laruelle et al., 
2009 
2-dimensional physical and 
biological/reactive-transport 
model 
Based on data dynamic fully spatial no 
 
yes 
Kateregga and 
Sterner, 2009 
Schaefer model Based on data dynamic non-spatial yes Fishing no 
Horsch and 
Lewis, 2009 
Hedonic model Based on data dynamic 
comparison between 
sites 
yes 
Water clarity and fishing 
(recreational) 
yes 
Glaser et al., 
2009 
Dynamic water quality 
model 
Based on data dynamic fully spatial yes Nutrients yes 
Fishman et al., 
2009 
Dynamic ecosystem model 
of the lower trophic levels 
Based on data dynamic fully spatial yes Nutrients and temperature yes 
Feroz Khan and 
Pinnikar, 2009 
EwE Based on data static non-spatial yes Fishing no 
Aravena et al., 
2009 
Transfer function (TF) 
models 
Based on data dynamic 
comparison between 
sites 
yes 
River discharge and 
temperature 
yes 
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Zhang et al., 
2008 
Two-dimensional 
hydrodynamic and water 
quality model (CE-QUAL-
W2) 
Based on data dynamic fully spatial yes Nutrient loading yes 
Vinson and 
Baker, 2008 
Bioenergetic model Based on data dynamic non-spatial no 
 
no 
Villanueva et 
al., 2008 
EwE Based on data static non-spatial yes Fishing no 
Pothoven and 
Madenjian, 
2008 
Bioenergetic model Based on data 
comparison between 
periods 
comparison between 
sites 
no 
 
no 
Oguz et al., 
2008 
Coupled model of 
bioenergetic-based anchovy 
population dynamics and 
lower trophic food web 
structure 
Based on data dynamic non-spatial yes Fishing and nutrient loading yes 
Oguz et al., 
2008 
Coupled model of 
bioenergetic-based anchovy 
population dynamics and 
lower trophic food web 
structure 
Based on data dynamic non-spatial yes Fishing and nutrient loading yes 
Negus et al., 
2008 
Bioenergetic Based on data dynamic 
comparison between 
sites 
no 
 
no 
Boegman et al., 
2008 
Two-dimensional 
hydrodynamic and water-
quality reservoir model, CE-
QUAL-W2 
Based on data dynamic fully spatial yes Nutrients yes 
Boegman et al., 
2008 
Two-dimensional 
hydrodynamic and water-
quality reservoir model, CE-
QUAL-W2 
Based on data dynamic fully spatial yes Nutrients yes 
Blanchet et al., 
2008 
Mixed linear models 
(competition and predation) 
and GLMs with fish growth 
rate, invertebrate biomass 
and Chl-A 
Based on data 
comparison between 
periods 
comparison between 
sites 
no 
 
yes 
Arbach Leloup 
et al., 2008 
EwE Based on data static non-spatial yes Fishing no 
Rowe, 2007 
ANCOVA and regression 
analysis 
Based on data static 
comparison between 
sites 
no 
 
no 
Qualls et al., 
2007 
Regression models Based on data 
comparison between 
periods 
comparison between 
sites 
no 
 
no 
Pine et al., 2007 EwE Based on data dynamic non-spatial yes Fisheries no 
Ortiz and Stotz, 
2007 
Loop models of ecological 
and socio-economic systems 
Based on data dynamic non-spatial yes Fisheries no 
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Morales et al., 
2007 
Mussel dynamics model 
(Ecohydraulic modeling) 
Based on data dynamic fully spatial yes 
Temperature and flow patterns 
(dam near study area) and 
nutrients (water quality) 
yes 
Light and 
Marchetti, 2007 
Linear regression models 
and multiple regression 
models 
Based on data 
comparison between 
periods 
comparison between 
sites 
yes 
Habitat degradation 
(hydrological modification and 
land use) 
yes 
Jaarsma et al., 
2007 
Multiple linear regression 
modelling and neural 
network modelling 
Based on data dynamic 
comparison between 
sites 
no 
 
no 
Caldow et al., 
2007 
Individuals-based models Based on data dynamic non-spatial no 
 
no 
Morales et al., 
2006 
Mussel dynamics model 
(Ecohydraulic modeling) 
Based on data dynamic fully spatial yes 
Temperature and flow patterns 
(dam near study area) and 
nutrients (water quality) 
yes 
Matsuishi et al., 
2006 
EwE Based on data dynamic 
comparison between 
sites 
yes Fisheries no 
Gribben and 
Wright, 2006 
ANCOVA Based on data dynamic 
comparison between 
sites 
no 
 
no 
Frésard and 
Boncoeur, 2006 
Economic model Based on data dynamic non-spatial yes Fisheries no 
Frésard and 
Boncoeur, 2006 
Economic model Based on data dynamic non-spatial yes Fisheries no 
Morozov et al., 
2005 
Generic nutrient-
phytoplankton-zooplankton 
(N-P-Z) model 
Theoretical dynamic non-spatial no 
 
no 
Madenjian et 
al., 2005 
Regression models Based on data dynamic non-spatial no 
 
yes 
Lee and 
Johnson, 2005 
Bioenergetic model Based on data dynamic 
comparison between 
sites 
yes Temperature yes 
Knowler and 
Barbier, 2005 
Bioeconomic model Based on data dynamic non-spatial yes 
Fishing and nutrient and 
temperature 
yes 
Knowler, 2005 Bioeconomic model Based on data dynamic non-spatial yes Fishing and nutrients no 
Knapp, 2005 GAM Based on data 
comparison between 
periods 
comparison between 
sites 
no 
 
no 
Johnson et al., 
2005 
Bioenergetic model Based on data dynamic non-spatial no 
 
no 
Harvey and 
Kareiva, 2005 
EwE Based on data dynamic non-spatial yes Fisheries no 
Bunnell et al., 
2005 
Individual-based 
bioneregetic model 
Based on data dynamic non-spatial no 
 
no 
Bierman et al., 
2005 
Bioenergetic model coupled 
with eutrophication model 
Based on data dynamic fully spatial yes Nutrients and temperature yes 
Le Pape et al., 
2004 
GLM Based on data 
comparison between 
periods 
comparison between 
sites 
no 
 
no 
Cox and 
Kitchell, 2004 
EwE Based on data dynamic non-spatial yes Fisheries yes 
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Ruzycki et al., 
2003 
Age-structured bioenergetics 
modeling approach 
Based on data dynamic non-spatial no 
 
no 
Ricciardi, 2003 Least-squares regression Based on data 
comparison between 
periods 
comparison between 
sites 
no 
 
no 
Pranovi et al., 
2003 
EwE Based on data 
comparison between 
periods 
non-spatial yes Fisheries no 
Porath et al., 
2003 
GLM Based on data 
comparison between 
periods 
non-spatial no 
 
no 
Laxson et al., 
2003 
Bioenergetic model and the 
physiological method of 
Winberg 
Based on data dynamic 
comparison between 
sites 
no 
 
no 
Halstead et al., 
2003 
Hedonic method Based on data static non-spatial no 
 
no 
Descy et al., 
2003 
POTAMON Based on data dynamic fully spatial no 
 
yes 
Beisner et al., 
2003 
First-order multivariate (or 
vector) autoregressive 
models, MAR 
Based on data dynamic non-spatial no 
 
yes 
Villanueva and 
Moreau, 2002 
EwE Based on data dynamic non-spatial yes Fisheries no 
Stapp and 
Hayward, 2002 
Stage-structured models Based on data dynamic non-spatial yes Fisheries no 
Settle and 
Shogren, 2002 
Integrated economic-
biological model 
Based on data dynamic non-spatial yes Fisheries no 
Raborn et al. 
2002 
Bioenergetic model Based on data dynamic non-spatial no 
 
no 
Lancelot et al., 
2002 
Ecological model BIOGEN Based on data dynamic fully spatial yes Nutrient loading and fisheries yes 
Gucu, 2002 EwE Based on data 
comparison between 
periods 
non-spatial yes Fisheries no 
Daskalov, 2002 EwE Based on data dynamic non-spatial yes Fisheries and eutrophication yes 
Oguz et al., 
2001 
One-dimensional physical-
biological ecosystem model 
Based on data dynamic non-spatial no 
 
yes 
Hoffman et al., 
2001 
Bioenergetic model Based on data dynamic non-spatial no 
 
no 
Byers and 
Goldwasser, 
2001 
Individual-based model Based on data dynamic non-spatial no 
 
yes 
Reed-Andersen 
et al., 2000 
Bioenergetic model of zebra 
mussel coupled with 
phytoplankton growth model 
Based on data dynamic non-spatial no 
 
yes 
Kitchell et al., 
2000 
EwE Based on data dynamic non-spatial yes Fisheries no 
Rutherford et 
al., 1999 
Individual-based model Based on data dynamic non-spatial 
  
yes 
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Murray and 
Parslow, 1999 
Biogeochemical model Based on data dynamic fully spatial yes Nutrients loading yes 
MacIsaac et al., 
1999 
Hydrodynamic model Based on data dynamic fully spatial no 
 
yes 
Berdnikov et 
al., 1999 
Trophodynamic model Based on data dynamic fully spatial yes 
Salinity and temperature and 
fisheries 
yes 
Pace et al., 1998 
Intervention time series 
model 
Based on data dynamic 
comparison between 
sites 
no 
 
yes 
Kitchell et al., 
1997 
Bioenergetic model Based on data dynamic non-spatial yes Fisheries no 
Caraco et al., 
1997 
Mass-balance approach Based on data dynamic fully spatial 
  
yes 
Young et al., 
1996 
Bioenergetic model Based on data dynamic non-spatial no 
 
no 
Padilla et al., 
1996 
Mathematical model of 
trophic interactions 
Based on data dynamic 
comparison between 
sites 
no 
 
yes 
Mavuti et al., 
1996 
EwE Based on data static non-spatial yes Fisheries no 
Yurista and 
Schulz, 1995 
Bioenergetic model Based on data dynamic non-spatial no 
 
no 
Volovik et al., 
1995 
Ecological-mathematical 
model 
Based on data dynamic fully spatial yes Temperature yes 
Ricciardi et al., 
1995 
Linear regression models 
and Poisson model 
Based on data dynamic 
comparison between 
sites 
no 
 
yes 
Negus, 1995 Bioenergetic model Based on data dynamic non-spatial no 
 
no 
Madenjian, 
1995 
Bioenergetic model Based on data dynamic non-spatial no 
 
yes 
Moreau et al., 
1993 
EwE Based on data 
comparison between 
periods 
non-spatial yes Fisheries no 
Schneider, 1992 Bioenergetic model Based on data dynamic 
comparison between 
sites 
no 
 
yes 
Fontaine and 
Stewart, 1992 
Mathematical model of the 
food web 
Based on data dynamic non-spatial yes Nutrient load and pollution yes 
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Paper ID 
(surname 
and year) 
Could the 
model assess 
uncertainty? 
(yes/no) 
Was the 
uncertainty 
evaluated? 
(yes/not) 
Was the model 
used to provide 
management 
recommendations? 
(yes/no) 
In case the model has been 
used to provide 
management 
recommendations, which? 
Have the 
recommendations 
been used by 
decision makers? 
(yes/no) 
How many 
impacts on 
ecosystem 
services were 
modelled? 
How many 
impacts on 
biodiversity 
were 
modelled? 
Total 
number 
of 
impacts 
modelled 
Negative/ 
positive 
impacts? 
Number 
of 
indicators 
van der Lee et 
al., 2017 
yes yes no 
 
no 
 
1 1 negative 3 
Foley et al., 
2017 
yes yes no 
 
no 
 
1 1 negative 1 
Corrales et 
al., 2017 
yes yes no 
 
no 1 4 5 both 9 
Zhang et al., 
2016 
yes yes no 
 
no 
 
3 3 negative 2 
Walsh et al., 
2016 
don't know no no 
 
no 1 2 3 negative 5 
Van Zuiden et 
al., 2016 
don't know no no 
 
no 
 
1 1 negative 1 
Nyamweya et 
al., 2016 
yes no no 
 
no 
 
2 2 negative 2 
Natugonza et 
al., 2016 
yes no no 
 
no 1 3 4 negative 14 
Liao et al., 
2016 
don't know no no 
 
no 1 
 
1 negative 1 
Kumar et al., 
2016 
yes no no 
 
no 
 
2 2 both 1 
Katsanevakis 
et al., 2016 
yes yes no 
 
no 
 
1 1 negative 1 
Kao et al., 
2016 
yes no no 
 
no 
 
4 4 negative 8 
Jellyman and 
Harding, 
2016 
don't know no no 
 
no 
 
2 2 both 3 
Isaev et al., 
2016 
don't know no no 
 
no 
 
1 1 negative 13 
Bajer et al., 
2016 
don't know no no 
 
no 
 
2 2 negative 2 
Walrath et al., 
2015 
don't know no no 
 
no 
 
1 1 negative 1 
Rowe et al., 
2015 
yes yes no 
 
no 
 
1 1 negative 1 
Rowe et al., 
2015 
don't know no no 
 
no 
 
1 1 negative 2 
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Pagnucco and 
Ricciardi, 
2015 
don't know no no 
 
no 
 
2 2 both 3 
Marrack et 
al., 2015 
no no no 
 
no 
 
1 1 negative 1 
Libralato et 
al., 2015 
yes yes no 
 
no 
 
3 3 both 3 
Li et al., 2015 yes yes no 
 
no 
 
2 2 both 1 
Jiang et al., 
2015 
yes yes no 
 
no 1 2 3 both 10 
Gudimov et 
al., 2015 
yes yes no 
 
no 1 1 2 positive 2 
Gobin et al., 
2015 
don't know no no 
 
no 
 
2 2 negative 2 
Dembkowski 
et al., 2015 
no no no 
 
no 
 
1 1 negative 1 
De Amorim 
et al., 2015 
no no no 
 
no 
 
1 1 negative 2 
Crane et al., 
2015 
no no no 
 
no 
 
1 1 both 1 
Crane and 
Einhouse, 
2015 
no no no 
 
no 
 
1 1 both 2 
Colvin et al., 
2015 
no yes no 
 
no 1 3 4 both 3 
Bourdeau et 
al., 2015 
no no no 
 
no 
 
1 1 negative 1 
Anderson et 
al., 2015 
no no no 
 
no 
 
1 1 negative 8 
Wong and 
Dowd, 2014 
no no no 
 
no 
 
2 2 both 16 
Shan et al., 
2014 
yes no no 
 
no 
 
2 2 both 3 
Schwalb et 
al., 2014 
yes yes no 
 
no 
 
2 2 negative 5 
Rosa et al., 
2014 
yes no no 
 
no 
 
3 3 both 1 
Rogers et al., 
2014 
yes no no 
 
no 
 
3 3 both 4 
Pinnegar et 
al., 2014 
yes yes no 
 
no 
 
2 2 both 3 
Pigneur et al., 
2014 
don't know no no 
 
no 1 2 3 both 5 
Olden and 
Tamayo, 
2014 
don't know no no 
 
no 1 
 
1 negative 1 
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Liu et al., 
2014 
don't know yes no 
 
no 2 1 3 both 3 
Kratina et al., 
2014 
no no no 
 
no 
 
1 1 negative 1 
Kao et al., 
2014 
yes no no 
 
no 
 
2 2 both 1 
Higgins et al., 
2014 
don't know no no 
 
no 1 3 4 both 5 
He et al., 
2014 
don't know no no 
 
no 
 
1 1 negative 2 
Green et al., 
2014 
yes yes yes 
Suppressing invaders below 
densities which cause 
ecological harm 
no 
 
1 1 negative 1 
Francis et al., 
2014 
yes yes no 
 
no 
 
4 4 both 3 
Cook et al., 
2014 
no no no 
 
no 7 4 11 negative 2 
Bocaniov et 
al., 2014 
yes no no 
 
no 
 
1 1 negative 1 
Blamey et al., 
2014 
yes yes no 
 
no 
 
2 2 negative 1 
Akoglu et al., 
2014 
yes no no 
 
no 1 5 6 both 9 
Van Guilder 
and Seefelt, 
2013 
yes yes no 
 
no 
 
1 1 negative 1 
Onikura et al., 
2013 
don't know no no 
 
no 
 
1 1 negative 1 
Magnea et al., 
2013 
yes yes no 
 
no 
 
1 1 both 1 
Kinter and 
Ludsin, 2013 
yes no yes 
Reduce nutrient loading to 
half. While not an exhaustive 
list, other non-point source 
nutrient management options 
that can lead to reduced 
nutrient runoff  
no 2 1 3 both 1 
Hossain et al., 
2013 
yes yes no 
 
no 
 
3 3 both 3 
Hattab et al., 
2013 
yes no no 
 
no 
 
1 1 negative 2 
Clavero et al., 
2013 
don't know no no 
 
no 
 
1 1 negative 1 
Cha et al., 
2013 
yes yes no 
 
no 
 
2 2 negative 2 
Cerino et al., 
2013 
yes no no 
 
no 
 
1 1 negative 2 
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Blamey et al., 
2013 
yes yes no 
 
no 
 
1 1 negative 2 
Amundsen et 
al., 2013 
no no no 
 
no 
 
3 3 both 8 
Schoen et al., 
2012 
don't know no no 
 
no 
 
1 1 negative 1 
Schindler et 
al., 2012 
don't know no no 
 
no 
 
2 2 negative 2 
Norkko et al., 
2012 
no no no 
 
no 
 
1 1 positive 3 
Nilsson et al., 
2012 
yes yes no 
 
no 
 
2 2 both 2 
MacDonald et 
al., 2012 
don't know no no 
 
no 
 
2 2 both 5 
Langseth et 
al., 2012 
yes no no 
 
no 
 
2 2 both 1 
Hossain et al., 
2012 
yes no no 
 
no 
 
2 2 both 2 
Hermoso et 
al., 2012 
no no no 
 
no 
 
1 1 negative 1 
Ferguson et 
al., 2012 
no no no 
 
no 
 
2 2 negative 1 
Green et al., 
2012 
yes yes no 
 
no 
 
1 1 negative 1 
Downing et 
al., 2012 
yes no no 
 
no 1 3 4 both 8 
Descy et al., 
2012 
don't know no no 
 
no 
 
1 1 negative 2 
Correa and 
Henry, 2012 
don't know no no 
 
no 
 
1 1 negative 1 
Blukacz-
Richards and 
Koops, 2012 
yes yes no 
 
no 
 
2 2 negative 1 
Beville et al., 
2012 
no no yes 
Closure of all mainstream-
rivers and closure of the 
Waimakariri River 
no 1 
 
1 negative 1 
Baird et al., 
2012 
don't know no no 
 
no 
 
3 3 both 11 
Zhang et al., 
2011 
don't know no no 
 
no 
 
3 3 both 4 
Woodford et 
al., 2011 
don't know no no 
 
no 
 
1 1 negative 1 
Wenger et al., 
2011 
no no yes 
conserving cutthroat trout or 
rainbow trout habitat  
no 
 
1 1 negative 1 
Stewart and 
Sprules, 2011 
yes yes no 
 
no 
 
3 3 both 5 
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Sharma et al., 
2011 
don't know no yes 
Reduce greenhouse 
emissions (slowing rate of 
warming), regulations and 
public education can help to 
reduce dispersal of alien, and 
enhance water quality in 
lakes by decreasing nutrient 
loads and increasing 
hypolimnetic oxygen 
concentrations 
no 
 
1 1 negative 1 
Roy et al., 
2011 
yes yes yes 
increased on-site phosphorus 
load reductions, coupled with 
ecosystem restoration  and 
investment in low-cost 
nutrient efficiency 
technology 
no 2 2 4 negative 5 
Olden et al., 
2011 
don't know no yes 
First, public education and 
outreach could be targeted at 
high-risk locations Second, 
those lakes identified at 
greatest risk of invasion 
could be used as sentinel 
locations for ongoing 
monitoring, increasing the 
chances of early detection by 
state and public surveys. 
Third, voluntary or enforced 
catch-and-release programs 
for bass and sunfish could be 
implemented on those lakes 
most vulnerable to O. 
rusticus invasion,  
no 
 
1 1 negative 2 
Lercari and 
Bergamino, 
2011 
yes no no 
 
no 
 
2 2 both 7 
Higgins et al., 
2011 
don't know no no 
 
no 
 
1 1 negative 1 
Hermoso et 
al., 2011 
don't know no yes 
1) Prevent active and 
accidental introductions; 2) 
active management to reduce 
harmful effects and prevent 
further spread (eradication or 
long-term control of invasive 
species at key times of year, 
extend flows in regulated 
rivers and reduce dispersal 
rates from reservoirs 
no 
 
2 2 negative 2 
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Haught and 
von Hippel, 
2011 
don't know no no 
 
no 
 
1 1 negative 1 
Grosholz et 
al., 2011 
yes yes no 
 
no 1 1 2 negative 3 
Fetahi et al., 
2011 
yes no no 
 
no 
 
3 3 both 5 
Cha et al., 
2011 
yes yes no 
 
no 
 
1 1 both 8 
Boulêtreau et 
al., 2011 
no no no 
 
no 
 
1 1 negative 2 
Benjamin et 
al., 2011 
yes yes no 
 
no 
 
1 1 negative 1 
Arias-
Gonzalez et 
al., 2011 
yes yes yes 
Eradication programs would 
only be successful if all ages 
of the spawners can be 
targeted and if the program is 
long-term, through a build-up 
of potential predators, such 
as, e.g., large groupers. 
Different policy options 
could be applied to maintain 
the lionfish population to 
levels of low density in the 
Atlantic: restore and protect 
the stock of piscivorous 
fishes such as grouper, 
sharks, barracudas, etc., 
releasing pressure on native 
coral reef species 
no 
 
3 3 both 3 
Tsagarakis et 
al., 2010 
yes yes no 
 
no 
 
2 2 both 2 
Taraborelli et 
al., 2010 
yes yes no 
 
no 
 
1 1 negative 2 
Stewart et al., 
2010 
yes yes no 
 
no 
 
1 1 negative 12 
Roy et al., 
2010 
yes yes yes 
Increased management of 
external phosphorus loading 
potentially 
no 2 2 4 negative 5 
Miller et al., 
2010 
don't know no no 
 
no 
 
1 1 negative 1 
Cooke and 
Hill, 2010 
yes yes no 
 
no 
 
1 1 negative 4 
Ciancio et al., 
2010 
don't know no no 
 
no 
 
1 1 negative 1 
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Auer et al., 
2010 
don't know no no 
 
no 
 
1 1 negative 1 
Vigliano et 
al., 2009 
don't know no no 
 
no 
 
1 1 negative 3 
Stapanian et 
al., 2009 
don't know no no 
 
no 
 
1 1 negative 1 
Myers et al., 
2009 
don't know no no 
 
no 
 
1 1 negative 3 
Miehls et al., 
2009 
don't know no no 
 
no 
 
3 3 both 8 
Miehls et al., 
2009 
don't know no no 
 
no 
 
3 3 both 8 
Laruelle et 
al., 2009 
don't know no no 
 
no 
 
2 2 negative 4 
Kateregga 
and Sterner, 
2009 
don't know no no 
 
no 1 
 
1 negative 1 
Horsch and 
Lewis, 2009 
don't know no no 
 
no 1 
 
1 negative 1 
Glaser et al., 
2009 
don't know no no 
 
no 1 2 3 both 6 
Fishman et 
al., 2009 
don't know no no 
 
no 1 3 4 both 3 
Feroz Khan 
and Pinnikar, 
2009 
yes no no 
 
no 
 
2 2 both 1 
Aravena et 
al., 2009 
no no no 
 
no 
 
1 1 negative 1 
Zhang et al., 
2008 
yes yes no 
 
no 1 3 4 both 5 
Vinson and 
Baker, 2008 
don't know no no 
 
no 
 
1 1 negative 2 
Villanueva et 
al., 2008 
yes no no 
 
no 
 
3 3 both 1 
Pothoven and 
Madenjian, 
2008 
don't know no no 
 
no 
 
1 1 negative 3 
Oguz et al., 
2008 
yes no no 
 
no 
 
2 2 negative 2 
Oguz et al., 
2008 
yes yes no 
 
no 
 
2 2 negative 3 
Negus et al., 
2008 
no no no 
 
no 
 
1 1 negative 2 
Boegman et 
al., 2008 
don't know no no 
 
no 1 2 3 both 2 
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Boegman et 
al., 2008 
don't know no no 
 
no 1 3 4 both 5 
Blanchet et 
al., 2008 
don't know no no 
 
no 
 
2 2 both 4 
Arbach 
Leloup et al., 
2008 
yes no no 
 
no 
 
3 3 both 9 
Rowe, 2007 don't know no no 
 
no 1 
 
1 negative 1 
Qualls et al., 
2007 
don't know no no 
 
no 1 1 2 both 5 
Pine et al., 
2007 
yes yes yes 
Maintain populations at low 
densities, moderate sustained 
levels of flathead catfish 
exploitation may release 
native fish groups from 
predation by and competition 
with flathead catfish. 
Management agencies could 
promote harvest of flathead 
catfish populations by 
offering a bounty or subsidy 
system to commercial fishers 
and simultaneously 
developing a market for the 
fish product. Increasing the 
size and intensity of the 
recreational fishery is an 
equally important aspect of 
any effort to reduce flathead 
catfish biomass and provide 
sustained fishing pressure 
no 
 
2 2 both 1 
Ortiz and 
Stotz, 2007 
don't know no no 
 
no 
 
2 2 negative 2 
Morales et al., 
2007 
yes no no 
 
no 
 
1 1 negative 3 
Light and 
Marchetti, 
2007 
don't know no no 
 
no 
 
1 1 negative 2 
Jaarsma et al., 
2007 
don't know no no 
 
no 
 
2 2 negative 1 
Caldow et al., 
2007 
don't know no no 
 
no 
 
1 1 positive 1 
Morales et al., 
2006 
yes yes no 
 
no 
 
1 1 negative 3 
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Matsuishi et 
al., 2006 
yes no yes 
1) establish co-management, 
2) key areas with restricting 
access to the fishery, 3) the 
ban on beach seining and use 
of small mesh sized nets 
should be imposed, 4) active 
fishing methods, such as 
lampooning and drift net 
fishing should be made 
illegal, 5) reducing post-
harvest losses and increasing 
the value of the product for 
the export market 
no 1 2 3 both 2 
Gribben and 
Wright, 2006 
don't know no no 
 
no 
 
1 1 negative 3 
Frésard and 
Boncoeur, 
2006 
yes yes yes 
Test a restoration program 
for native bivalve and 
invasion control. Each year, a 
zone of 300 ha is cleaned up, 
and 10million aquaculture 
juvenile scallops are sown 
intensively in this. The area 
is closed to fishing for three 
years, after which scallops 
are harvested.  
no 1 1 2 negative 1 
Frésard and 
Boncoeur, 
2006 
yes yes yes 
Test a program. The strategy 
of this program relies on a 
distinction between two 
stages, which might be called 
“rollback” and 
“containment”: the first one 
is characterized by a high 
level of invasive species 
harvesting, in order to 
decrease significantly the 
level of invasion; the second 
step is intended to 
consolidate the outcome of 
the “rollback” phase, by 
harvesting each year the 
natural surplus produced by 
the existing biomass 
no 1 1 2 negative 6 
Morozov et 
al., 2005 
don't know no no 
 
no 
 
1 1 negative 1 
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Madenjian et 
al., 2005 
don't know no yes 
Control of alewife abundance 
is a prerequisite for 
restoration of the deep-water 
sculpin population 
no 
 
2 2 negative 1 
Lee and 
Johnson, 
2005 
yes yes no 
 
no 
 
1 1 negative 1 
Knowler and 
Barbier, 2005 
don't know no no 
 
no 1 2 3 negative 1 
Knowler, 
2005 
don't know no no 
 
no 1 2 3 negative 2 
Knapp, 2005 don't know no no 
 
no 
 
1 1 negative 1 
Johnson et al., 
2005 
yes yes no 
 
no 
 
1 1 negative 1 
Harvey and 
Kareiva, 2005 
yes yes no 
 
no 
 
2 2 both 2 
Bunnell et al., 
2005 
don't know no no 
 
no 
 
1 1 negative 7 
Bierman et 
al., 2005 
yes yes no 
 
no 1 2 3 both 10 
Le Pape et al., 
2004 
don't know no no 
 
no 
 
1 1 negative 1 
Cox and 
Kitchell, 2004 
yes no no 
 
no 
 
2 2 negative 1 
Ruzycki et 
al., 2003 
no no no 
 
no 
 
1 1 negative 3 
Ricciardi, 
2003 
no no no 
 
no 
 
2 2 both 3 
Pranovi et al., 
2003 
yes no no 
 
no 1 3 4 both 16 
Porath et al., 
2003 
no no no 
 
no 
 
1 1 both 1 
Laxson et al., 
2003 
don't know no no 
 
no 
 
1 1 negative 2 
Halstead et 
al., 2003 
don't know no no 
 
no 2 
 
2 negative 1 
Descy et al., 
2003 
don't know no no 
 
no 1 2 3 both 12 
Beisner et al., 
2003 
don't know no no 
 
no 
 
2 2 both 1 
Villanueva 
and Moreau, 
2002 
yes no no 
 
no 1 2 3 both 2 
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Stapp and 
Hayward, 
2002 
yes yes yes 
Development of control 
programs that reduce survival 
of all age classes of lake trout 
in addition to focusing on 
adult trout capable of 
consuming catchable 
cutthroat trout. Changes in 
fishing regulations that might 
counteract the effects of lake 
trout as current regulations 
concentrate human mortality 
on age 4 trout. To reduce 
mortality on juvenile and 
young adult age classes 
would be to restrict angling 
at the lake to catch and 
release activities only.  
no 
 
2 2 negative 2 
Settle and 
Shogren, 
2002 
don't know no no 
 
no 2 2 4 negative 2 
Raborn et al. 
2002 
yes yes no 
 
no 
 
1 1 negative 1 
Lancelot et 
al., 2002 
don't know no no 
 
no 
 
2 2 both 1 
Gucu, 2002 yes no no 
 
no 1 3 4 both 3 
Daskalov, 
2002 
yes no no 
 
no 1 2 3 both 1 
Oguz et al., 
2001 
don't know no no 
 
no 
 
2 2 both 2 
Hoffman et 
al., 2001 
don't know no no 
 
no 
 
1 1 negative 3 
Byers and 
Goldwasser, 
2001 
don't know no no 
 
no 
 
1 1 negative 8 
Reed-
Andersen et 
al., 2000 
yes yes no 
 
no 1 1 2 both 3 
Kitchell et al., 
2000 
yes no yes 
To increase the abundance of 
lean lake trout, both their 
stocks and that of their 
primary prey (herring) must 
be protected from 
exploitation.  
no 
 
2 2 both 1 
Rutherford et 
al., 1999 
yes yes no 
 
no 
 
2 2 both 23 
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Murray and 
Parslow, 1999 
don't know no no 
 
no 
 
3 3 both 4 
MacIsaac et 
al., 1999 
yes yes no 
 
no 1 1 2 both 2 
Berdnikov et 
al., 1999 
yes yes no 
 
no 
 
3 3 both 27 
Pace et al., 
1998 
yes yes no 
 
no 
 
1 1 negative 7 
Kitchell et al., 
1997 
no no no 
 
no 1 1 2 negative 7 
Caraco et al., 
1997 
yes yes no 
 
no 
 
1 1 negative 2 
Young et al., 
1996 
no no no 
 
no 
 
1 1 negative 2 
Padilla et al., 
1996 
yes yes no 
 
no 
 
2 2 negative 3 
Mavuti et al., 
1996 
yes no no 
 
no 
 
2 2 both 2 
Yurista and 
Schulz, 1995 
yes yes no 
 
no 
 
1 1 negative 2 
Volovik et al., 
1995 
don't know no no 
 
no 
 
1 1 negative 1 
Ricciardi et 
al., 1995 
no no no 
 
no 
 
1 1 negative 4 
Negus, 1995 don't know no no 
 
no 
 
1 1 negative 2 
Madenjian, 
1995 
yes yes no 
 
no 
 
1 1 negative 1 
Moreau et al., 
1993 
yes no no 
 
no 
 
3 3 negative 4 
Schneider, 
1992 
don't know no no 
 
no 
 
1 1 negative 1 
Fontaine and 
Stewart, 1992 
don't know no yes 
The model indicates that the 
effects of phosphorus and 
lamprey management on 
salmonine contaminants will 
be small in comparison to the 
simulated effects of 
Bythotrephes. 
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importance. To address this challenge, a shift towards a more comprehensive analysis and management of human 
activities is required, as emphasised by the ecosystem-based management (EBM) approach10,11.
The EBM approach has sparked great interest among the scientific community and new tools have been devel-
oped in recent decades. Within this context, ecosystem modelling approaches have increasingly been adopted 
as useful tools to study marine ecosystems as a whole and to forecast ecosystem dynamics and develop and test 
future scenarios for marine ecosystems12–14.
Ecosystem models and ecological forecasts face several obstacles linked to ecosystem characteristics and 
include high uncertainty15,16. Nevertheless, they have the potential to contribute significantly to achieving goals 
in marine conservation and management by offering guidance to decision-makers17. Their use in assessments, 
policy support, and decision-making can provide insights into how the ecosystem could respond to plausible 
future stressors, enabling the development of adaptive management strategies, and allowing for exploration of the 
implications of alternative management options13,18,19.
One of the most commonly used ecosystem modelling software is Ecopath with Ecosim (EwE), which has 
been widely applied to model aquatic food webs20,21. This approach has been used to hindcast and forecast future 
human impacts on aquatic food webs, such as fishing22, and increasingly other stressors like climate change23 
and biological invasions24. EwE has been applied within the scope of evaluating cumulative impacts of human 
activities25. For example, Serpetti, et al.26 assessed the cumulative impact of sea warming and sustainable levels 
of fishing pressure in the West Coast of Scotland. In addition, Libralato, et al.27 developed temporal simulations 
to explore the effects of the arrival of invasive species, changes in primary production and sea warming in the 
Adriatic Sea.
The Mediterranean Sea is a semi-enclosed sea that is highly impacted by anthropogenic activities1,2. The 
Mediterranean is a global hotspot of alien species2,28,29, especially its eastern basin due to the opening and con-
tinuous enlargement of the Suez Canal30,31. Currently, 821 species are described as established alien species in 
the Mediterranean Sea32. In addition, the high impact of fishing in the area has been shown by several analyses, 
indicating that most of the stocks are fully exploited or overexploited33,34. Climate change is also strongly affecting 
Mediterranean marine biota and ecosystems35,36, mainly due to substantial temperature increases37,38. In fact, 
the Mediterranean is under a process of “meridionalization” and “tropicalization” of the northern and southern 
sectors, respectively, mainly due to the northward expansion of native thermophilic species and the introduc-
tion of (mainly tropical) alien species through the Suez Canal and the Strait of Gibraltar39,40. In addition, the 
Mediterranean is being altered by other anthropogenic activities such as habitat loss and degradation, pollution, 
and eutrophication, making the Mediterranean Sea a hotspot of global change41,42.
Within this context, the marine ecosystem of the Israeli Mediterranean coast, located in the eastern part 
of the basin, has been altered in recent decades mainly due to species invasions, unsustainable fishing activi-
ties, and increasing water temperature29,43,44. As a result, great changes in its biodiversity and functioning have 
occurred29,30,45,46. The importance of each stressor has rarely been investigated, and available studies suggest a 
general strong impact of increasing sea water temperature and more specific impacts of fishing activities and 
alien species36,46.
Recently, new fishing regulations took effect in the Israeli Mediterranean continental shelf (hereafter referred 
to as ICS), which includes a reduction in fishing effort for several fleets with the aim of recovering fish stocks. 
However, it is expected that the rate of invasion and the impact of alien species and climate change will increase 
in the future due to the recent enlargement of the Suez Canal and sea warming47,48.
In this study, we used a temporally dynamic food web model of the ICS ecosystem49, previously constructed 
and fitted to available time series of observational data from 1994 to 201046, to assess potential future ecological 
effects of different global change scenarios. These scenarios included different fisheries management alternatives, 
sea warming following IPCC (Intergovernmental Panel on Climate Change) projections and projected increases 
in the biomass of alien species over the next 50 years (2010–2060).
Results
Baseline scenario. Under the baseline simulation (Scn1), the model predicted a decreasing biomass trend 
over time for the biomass of several groups (Figs 1 and 2). Alien invertebrates significantly decreased (Fig. 2), due 
to the depletion of alien crabs and shrimps (Fig. 1). Other medium trophic level organisms, such as goatfishes 
and small native demersal fishes, suffered significant large declines (Fig. 1). These decreases were due to the 
increase of various predators and competitors (for trophic interactions, see Figure S2b (hereafter referenced only 
as Figure S2b) and current negative impacts of sea warming. For example, small native demersal fishes decreased 
due to the increase of competitors such as earlier and new alien demersal fishes (Figs S2b and 1), the increasing 
predation of alien lizardfish (Fig. 3f) and the negative impact of current SST. The model also showed a significant 
large decline of large demersal native fishes due to their overexploitation (Fig. 3d). In addition, vulnerable species 
such as turtles and seabirds were projected to significantly decrease (Figs 1 and 2), due to the notable impact of 
fishing activities on their populations (Figure S2b).
In contrast, the model predicted significant large increases in alien fishes (both demersal and pelagic) (Fig. 2), 
such as earlier and new alien demersal fishes, alien lizardfish and alien medium pelagic fishes (Figs 1 and 3e). This 
may be due to their earlier overexploitation prior to the reduction in fishing effort between 2007 and 2010, which 
is mainly due to a recent decreasing activity of trawl fleet (the most important fleet in the area). This follows cur-
rent biomass increases due to possible empty niches and the depletion of native competitors (Figure S2b). Mullets 
(Fig. 3a), sharks and rays (Fig. 1) significantly increased over time. This may be due to the decline in the fishing 
effort between 2007 and 2010.
Within this scenario, forage fish and invertebrate biomass decreased significantly with time while predatory 
biomass and total catch significantly increased over time (Fig. 4). Community indicators, such as mTLco and 
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mTLc, and indicators related to ecosystem development theory such as TST and FCI significantly decreased with 
time, while PL significantly increased (Fig. 4).
Fishing scenarios. Under scenarios that only included changes (decreases) in fishing effort (Scn2 and Scn3), 
the model predicted mixed trends with both significant large decreases and increases in medium trophic level 
groups and significant large increases in high trophic level groups (Fig. 1). For example, alien invertebrates signif-
icantly decreased while vulnerable species significantly increased (Fig. 2). Alien shrimps, small native demersal 
fishes, earlier alien demersal fishes and alien herbivores significantly decreased over time (Figs 1 and 3e). This is 
due to the increasing predation mortality as a consequence of the recovery of top predators (Figure S2b) and also, 
in some cases, a result of negative impacts of sea warming. In addition, the model predicted a significant decrease 
of sea birds due to the fewer discards caused by the reduction of the trawl fleet (Fig. 1). In contrast, the model 
predicted significant large increases of top predators, such as hake, large native demersal fishes, alien lizardfish, 
demersal sharks and rays and skates (Figs 1 and 3b,d,f). The model also showed increasing trends for mullets, 
new alien demersal fishes and turtles (Figs 1 and 3a), due to the reduction in fishing effort. Most of these trends 
were exacerbated in Scn3, with the closure of the trawl fleet. For example, the model predicted major and faster 
recoveries for mullets, hake, large native demersal fishes and alien lizardfish (Fig. 3a,b,d,f), while alien shrimps, 
small native demersal fishes, earlier alien demersal fishes and sea birds had stronger negative impacts (Fig. 1).
Under Scn4, which assessed the impacts of the new fishing regulations while keeping the biomass of alien spe-
cies constant, the model showed important effects of alien species. For example, hake and large native demersal 
fish presented better recoveries than in Scn2 (Fig. 3b,d). For hake, this may be due to competition for resources 
with alien lizardfish, while for large native demersal fishes it may be due to a higher abundance of their key prey, 
such as rocky fishes, small native demersal fishes and earlier alien demersal fishes.
Within these three scenarios (Scn2, Scn3 and Scn4), most of the ecological indicators presented significant 
increasing trends (Fig. 4). For example, total biomass, invertebrate biomass, predatory biomass and total catch 
showed significant increasing trends (Fig. 4). In addition, mTLco and mTLc significantly increased (Fig. 4). FCI 
significantly increased in all scenarios while PL had non-significant trends in Scn2 and Scn3 and decreased in 
Scn4 (Fig. 4).
Sea warming scenarios. Under scenarios of sea warming (Scn5, Scn6 and Scn7), the model predicted dif-
ferent responses of species to rising SST (Fig. 1). The model showed significant increases of alien invertebrates and 
alien fishes (both demersal and pelagic), while native fishes (both demersal and pelagic) and vulnerable species 
decreased (Fig. 2). These trends were exacerbated as temperature increased (Figs 1 and 2).
For specific groups, the model predicted significant increasing trends for alien shrimps, alien crabs, goat-
fishes, earlier and new alien demersal fishes and sharks (Fig. 1). These increases may be due to the depletion of 
competitors and predators (Figure S2b). In contrast, small native demersal fishes declined due to unfavourable 
thermal conditions, and rays and skates were projected to strongly decline (Fig. 1). A total collapse of mullets was 
Figure 1. Spearman’s rank correlation between selected biomasses of functional groups and time for the ten 
future scenarios (Table 1). Positive correlations are in blue and negative correlations in red. Legend colour 
shows the correlation coefficient and its correspondent colour gradient. Colour intensity and the size of the 
ellipses are proportional to the correlation coefficients, with more diffused and wider ellipses representing lower 
correlation strengths. When the indicator is non-significant (>0.05), it is represented with an “X” symbol.
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predicted under the intermediate and worst IPCC projections (Fig. 5a), while hake and rocky fishes were pre-
dicted to be almost depleted in the worst case of sea warming (Fig. 5b,c). Large native demersal fishes were pro-
jected to be positively impacted as temperature increases (Fig. 5d), although they showed negative trends due to 
their overexploitation. Alien herbivores and alien lizardfish biomass significantly increased in all climate scenar-
ios, with major increases as temperature rose except for the alien lizardfish in the worst-case scenario (Fig. 5e,f)
Within these scenarios, we observed significant decreasing trends for most of the ecological indicators, with 
stronger correlations as temperature increased (Fig. 4). However, invertebrate biomass, mTLc and PL showed 
increasing trends (Fig. 4).
Alien species scenario. Under the scenario that assessed the impact of alien species forced to follow current 
biomass trends (Scn8), the model predicted strong impacts on the food web (Figs 1 and 2). Within this sce-
nario, native invertebrates, native fishes (both demersal and pelagic) and vulnerable species declined significantly 
(Fig. 2).
For specific groups, the model predicted significant decreases of small native demersal fishes due to current 
thermal conditions and increasing predation mortality and competition (Figure S2b). Similarly, turtles and sea 
birds declined due to a decline of their main prey (Figs S2b and 4). Mullets were predicted to be slightly negatively 
impacted, due to their initial recovery as a result of the decreasing fishing effort in 2007–2010 and the negative 
impacts of alien species (Figs S2b and 6a). Rocky fishes declined significantly, due to a higher abundance of com-
petitors and predators (Figs S2b and 6c). In contrast, hake and large native demersal fishes (Fig. 6b,d) as well as 
demersal sharks and rays and skates (Fig. 1) significantly increased. This may be due to reduced fishing activities 
and a higher abundance of alien prey (Figure S2b), although native prey exhibited opposite trends (Fig. 2).
Under this scenario, total biomass, predatory biomass and total catch significantly increased (Fig. 4). In con-
trast, forage fish, invertebrate biomass and Kempton’s index significantly decreased (Fig. 4). FCI and PL were 
projected to decline significantly, while TST increased (Fig. 4).
Cumulative scenarios. When assessing the cumulative effects of new Israeli fishing regulations and an 
intermediate scenario of an increase in SST, while alien species biomass was not forced (Scn9), the model pro-
jected biomass increases for native invertebrates, alien groups (both invertebrates and fishes) and vulnerable 
species, while the biomass of native fishes (both demersal and pelagic) significantly decreased (Fig. 2). For specific 
Figure 2. Spearman’s rank correlation between the biomass of aggregated groups and time for the ten future 
scenarios (Table 1). Positive correlations are in blue and negative correlations in red. Legend colour shows the 
correlation coefficient and its correspondent colour gradient. Colour intensity and the size of the ellipses are 
proportional to the correlation coefficients, with more diffused and wider ellipses representing lower correlation 
strengths. When the indicator is non-significant (>0.05), it is represented with an “X” symbol.
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groups, the biomass of some significantly increased such as alien shrimps and crabs, goatfishes, new alien dem-
ersal fishes, demersal sharks, rays and skates, and turtles (Fig. 1). In addition, significant increases were observed 
for hake, large demersal fishes and alien lizardfish, but their recoveries were of a lower magnitude than Scn10 due 
to the limitation of alien prey (Fig. 7b,d,f). In fact, hake declined at the end of the simulation due to sea warm-
ing (Fig. 7b). In contrast, the biomass of small native demersal fishes, earlier alien demersal fishes and sea birds 
significantly decreased (Fig. 1). In addition, the model predicted significant declines in mullets and rocky fishes 
(Fig. 7a,c), although they showed better trajectories than Scn10, due to lower impacts of alien species. Alien her-
bivores also declined (Fig. 7e), due to recoveries of predators (both native and alien) (Figure S2b).
Figure 3. Comparison between the predicted (solid lines) and observed (dots) time series of biomass (t·km2), 
and scenarios results for (a) mullets, (b) hake, (c) rocky fishes, (d) large native demersal fishes, (e) alien 
herbivores and (f) alien lizardfish under different future scenarios of fishing for the Israeli Mediterranean 
continental shelf (ICS) ecosystem model for the period 1994–2060. Black line represents historical model 
predictions and coloured lines represent different scenarios. Shadows represent the 5% and 95% percentiles 
obtained using the Monte Carlo routine.
Scenario Name Fishing Temperature Alien species
1 BAU (business as usual) Kept at 2010 levels Kept at 2010 level Model predicts
2 Israeli regulation New Israeli regulations Kept at 2010 level Model predicts
3 Stop trawl New Israeli regulations + stop trawl in 3 years Kept at 2010 level Model predicts
4 Israeli regulation (alien spp. constant) New Israeli regulations Kept at 2010 level Force (kept at 2010 levels)
5 RCP2.6 Kept at 2010 levels Best-case Model predicts
6 RCP4.5 Kept at 2010 levels Intermediate Model predicts
7 RCP8.5 Kept at 2010 levels Worst-case Model predicts
8 Increase alien species Kept at 2010 levels Kept at 2010 level Force (increase)
9 Combination (no forcing of alien spp.) New Israeli regulations Intermediate Model predicts
10 Combination (forcing of alien spp.) New Israeli regulations Intermediate Force (increase)
11 Combination (forcing alien spp. constant) New Israeli regulations Intermediate Force (kept at 2010 levels)
Table 1. List of scenarios and stressor conditions.
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Under this scenario, total biomass, invertebrate biomass, mTLc and mTLco significantly increased, while for-
age fish and total catch significantly declined (Fig. 4). TST and FCI were projected to increase, while PL declined 
(Fig. 4).
When assessing the cumulative effects of the new Israeli fishing regulations, the intermediate scenario of sea 
warming and an increase in alien biomass following current trends (Scn10), the model predicted a significant 
decreasing pattern of native invertebrates and native fishes (both demersal and pelagic), while vulnerable species 
significantly increased (Fig. 2). Several groups that were negatively affected included small native demersal fishes 
and sea birds (Fig. 1). In addition, the model predicted a near collapse of mullets (Fig. 7a), despite the reduction 
of fishing effort, and a significant decline of rocky fishes (Fig. 7c). In contrast, demersal sharks, rays and skates 
and turtles significantly increased (Fig. 1). In addition, hake and large native demersal fishes were predicted to 
increase (Fig. 7b,d), mainly due to reduced fishing effort and a higher abundance of alien prey (Figure S2b), 
although native prey significantly declined and there was negative impact of SST on hake.
Within this scenario, forage fish, invertebrate biomass and Kempton’s index significantly decreased, while 
predatory biomass, total catch and mTLco significantly increased (Fig. 4). FCI and PL were projected to decline 
significantly, while TST increased (Fig. 4).
Finally, under the assessment of the cumulative impact of the new Israeli fishing regulations and the interme-
diate scenario of sea warming, while keeping the biomass of alien species constant (Scn11), the model highlighted 
the important effects of alien species. For example, native invertebrates increased more than in Scn9 and native 
fishes decreased less than Scn9 and Scn10 (Fig. 2). For specific groups, small native demersal fishes decreased less 
than Scn9 and Scn10 (Fig. 1). Hake presented a better trajectory than Scn9 (Fig. 7b). This could be due to a less 
competition for resources with alien lizardfish, which biomass was kept at constant population levels. However, 
it presented a worst trajectory than Scn10 (Fig. 7), which could be due less prey availability. On the other hand, 
large native demersal fishes presented a worse trajectory than Scn9 and Scn10 (Fig. 7d), which could be also due 
to less prey availability. Mullets and rocky fishes presented similar trajectories than Scn9 (Fig. 7a,c), which may be 
related to similar predation rates and competition for resources in both scenarios.
Within this scenario, ecological indicators presented similar trends to Scn9 (Fig. 4). In several cases slightly 
better trends than Scn9 were observed, such as in forage fish, Kempton’s index, mTLc and mTLco, while total 
catch and PL presented slightly worse trends than Scn9 (Fig. 4).
Figure 4. Spearman’s rank correlation between the ecological indicators analysed and time for the ten scenarios 
(Table 1). Positive correlations are in blue and negative correlations in red. Legend colour shows the correlation 
coefficient and its correspondent colour gradient. Colour intensity and the size of the ellipses are proportional 
to the correlation coefficients, with more diffused and wider ellipses representing lower correlation strengths. 
When the indicator is non-significant (>0.05), it is represented with an “X” symbol. TotalB = Total biomass 
(t·km−2); ForF = Forage fish (t·km−2); InvB = Invertebrate biomass (t·km−2); PredB = Predatory biomass 
(t·km−2); Kempton = Kempton’s index; TotalC = Total catch (t·km−2·year−1); mTLco = mean Trophic Level of 
the community; mTLc = mean Trophic Level of the catches; TST = Total System Throughput (t·km−2·year−1); 
FCI = Finn’s Cycling Index (%); PL = Path length.
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Common patterns of future scenarios. In general, primary producers increased in most of the scenarios 
(Fig. 2). This can be attributed to the decrease of zooplanktonic groups in most of the scenarios (Fig. 2), which is 
due to increased predation on these groups. Alien invertebrates decreased in scenarios that only fishing reduc-
tions were applied while increasing in the other scenarios (Fig. 2). This can be attributed to increasing predation 
and decreasing predation and competition, respectively. Alien fishes increased in all scenarios due to reductions 
of competition and predators except in Scn2 (Fig. 2), where there is a large decrease in earlier alien demersal 
fishes attributed to higher predation rates (Fig. 1). New alien demersal fishes increased in all the scenarios, which 
may due to fishing reductions and/or the decrease of competition (both native and alien groups). Native fishes 
decreased in all scenarios except those scenarios where only fishing reductions were applied (Fig. 1). Specifically, 
small native demersal fishes decreased in all scenarios. This general pattern is due to unfavorable thermal con-
ditions, while for specific scenarios we can add increasing predation (fishing reductions) and competition for 
resources (alien species scenarios) or both (cumulative scenarios) as the main drivers of the ecological patterns. 
Vulnerable species increased in all scenarios that implied reductions in fishing activities (Fig. 2), although sea 
birds decreased in all scenarios (Fig. 1).
Discussion
In the current context of global change and ecological crisis, there is an increasing demand for approaches that 
can forecast potential impacts of human stressors, in addition to environmental pressures16. In this study, we used 
a temporal dynamic food web model for the Israeli Mediterranean continental shelf that accounted for different 
environmental and human impacts, such as sea warming, fisheries and alien species, to assess potential futures 
of marine resources and ecosystem conditions of the Eastern Mediterranean Sea. Despite several limitations, 
this study represents to our knowledge the first attempt to evaluate potential impacts of future conditions in the 
Eastern Mediterranean Sea in an ecosystem context combining different global change stressors.
Our results highlight that under current conditions (the baseline scenario) several species will remain 
depleted or even greatly decline, due to unfavourable thermal conditions, increasing impacts of alien species, and 
unsustainable fishing activities. Meanwhile, alien groups will continue to increase in abundance, as many of these 
species have higher thermal tolerances. This general degradation of the system is also captured by the decline of 
Figure 5. Comparison between the predicted (solid lines) and observed (dots) time series of biomass 
(t·km2), and scenarios results for (a) mullets, (b) hake, (c) rocky fishes, (d) large native demersal fishes, (e) 
alien herbivores and (f) alien lizardfish under different future scenarios of climate change for the Israeli 
Mediterranean continental shelf (ICS) ecosystem model for the period 1994–2060. Black line represents 
historical model predictions and coloured lines represent different scenarios. Shadows represent the 5% and 
95% percentiles obtained using the Monte Carlo routine.
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ecological indicators linked with ecosystem condition, such as mTLc, mTLco and FCI. These results are in line 
with Corrales, et al.46, where results indicated a historical degradation pattern of the food web over the last two 
decades (1990–2010) due to the impacts of alien species, climate change and fishing. However, other ecological 
indicators increased, such as total biomass, predatory biomass and PL. This could be due to the fact that reduc-
tions of native species in terms of biomass and path lengths are compensated by the increase of alien species.
In contrast, when fishing effort for several fleets was reduced, our results highlighted a potential restoration of 
several exploited groups including commercially important species such as hake, mullets and large native dem-
ersal fishes, and some vulnerable species such as sharks and rays and skates. Alien groups (fish and crustaceans) 
were negatively impacted, mainly due to the recovery of predators, while native groups were positively affected. 
This overall improvement of some marine resources was captured by several ecological indicators that showed a 
trend of increasing values, such as the predatory biomass, Kempton’s Index, mTLc, mTLco and FCI.
Fishing has been identified as one of the main stressors on marine ecosystems50,51, and studies have shown the 
potential benefits of fishing reduction52,53. Our results highlighted the benefits of reducing fishing activities on the 
exploited marine organisms and ecosystem in the Eastern Mediterranean Sea, and support the call for a reduction 
in fishing capacity and exploitation levels worldwide if marine resources are to recover53,54.
The scenarios of sea warming showed potential detrimental impacts on the food web, with the impacts becom-
ing greater as temperature increased. Within these scenarios, native species were negatively impacted, and we 
observed some collapses, while alien species were favoured. In line with this, several ecological indicators, includ-
ing Kempton’s Index, mTLco and FCI suggested a potential degradation of the ecosystem. Predicted collapses of 
some native species in this study may not indicate a total collapse of the species in the Eastern Mediterranean Sea, 
but may indicate that if these species are to persist in the ecosystem, they may have to migrate to northern areas or 
to deeper and cooler waters outside of the modelled area, or they will have to adapt. Shifts in species distributions 
(latitudinal and bathymetric) in relation to climate change have been observed and predicted in many areas of 
the world55–57. Bathymetric shifts and species collapses have been observed recently in the study area associated 
with sea warming and the proliferation of alien species29,58. In addition, several studies have predicted important 
changes in species distributions due to sea warming in the Mediterranean Sea48,59. In fact, the increasing impor-
tance of alien species (thermophilic biota) concurrent with sea warming has led to the tropicalization of the 
Mediterranean biota40.
Our projections of the impact of sea warming present some limitations. For example, the tempera-
ture response/preferences used in our study are subject to uncertainty, as they came from a global database 
(AquaMaps)60, although we did incorporate local knowledge to adapt the global responses to local conditions 
(see Corrales, et al.46 for more details). In addition, due to the lack of information on the responses to the explan-
atory variable change, our model did not incorporate salinity, which has been suggested as an important environ-
mental factor in the study area61. Also, other impacts of climate change were not considered. For example, ocean 
acidification, which mainly acts on invertebrates and basal species, can have strong impacts on the food web62,63. 
Furthermore, our model does not account for the possible acclimatization, selection, and adaptation of species to 
climate change. Correctly predicting the impacts of climate change on marine organisms and ecosystems remains 
Figure 6. Comparison between the predicted (solid lines) and observed (dots) time series of biomass (t·km2), 
and scenarios results for (a) mullets, (b) hake, (c) rocky fishes (or small native demersal fishes) and (d) large 
native demersal fishes under the future scenario of increasing the biomass of alien species for the Israeli 
Mediterranean continental shelf (ICS) ecosystem model for the period 1994–2060. Black line represents 
historical model predictions and coloured lines represent different scenarios. Shadows represent the 5% and 
95% percentiles obtained using the Monte Carlo routine.
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challenging due to a general lack of knowledge about the capacity of organisms to adapt to rapid climate change64. 
In addition, our model is a temporal-dynamic representation of the ecosystem and does not explicitly incorporate 
spatial dynamics (such as movement of species) and therefore the potential movement of species to deeper waters 
or latitudinal (northward) shifts are not captured. Within this context, the new habitat foraging capacity model 
of the spatial-temporal module of EwE, Ecospace65,66, has provided a step forward for temporal-spatial modelling 
by combining species distribution and food web models. As new information becomes available, our modelling 
exercise should be updated and improved, so model predictions would become increasingly valuable for under-
standing cumulative impacts within a spatial-temporal dynamic framework.
Our results highlighted the potential negative impacts of alien species on marine species and food webs, either 
when extrapolating current trends to the future, or when allowing EwE to predict their future abundance. Alien 
species proliferation causes the collapse of small native demersal fishes and a degradation pattern in the food 
web, as shown by different ecological indicators (i.e., predatory biomass, Kempton’s index, mTLco, FCI and PL). 
Biological invasions are considered a major threat to local biodiversity28,67. Although no complete extinctions 
have yet been reported in the Mediterranean Sea as a direct result of alien species, there are many examples of 
sudden declines and local extirpations of native species concurrent with the proliferation of alien species29,68.
It is important to note that our model has a limited capacity to assess the impacts of alien species. Our study 
only considers alien fish and crustacean (shrimps and crabs) species, since for other groups no information was 
available to be considered within our temporal modelling approach69. However, the invasion of other organisms 
seems to be of the same magnitude or even greater69,70. In addition, the information about pelagic fishes were 
limited and the definition of small and medium pelagic fishes groups within the model includes both native and 
alien species46. Finally, several new alien species have invaded the Eastern Mediterranean Sea in recent years and 
were not included in the model31,32. One of these species, the lionfish (Pterois miles), has alarmed the scientific 
community, arriving in the Mediterranean Sea in 199171 but not recorded again until 201272. This species has 
had detrimental effects on invaded ecosystems, such as the Caribbean Sea73. It is expected that the current and 
future enlargement of the Suez Canal and future sea warming will allow the invasion of more species74, and that 
the Eastern Mediterranean Sea can become an extension of the Red Sea in terms of species composition, even 
including reef building corals75,76.
Figure 7. Comparison between the predicted (solid lines) and observed (dots) time series of biomass (t·km2), 
and scenarios results for (a) mullets, (b) hake, (c) rocky fishes, (d) large native demersal fishes, (e) alien 
herbivores and (f) alien lizardfish under different future scenarios of a combination of stressors for the Israeli 
Mediterranean continental shelf (ICS) ecosystem model for the period 1994–2060. Black line represents 
historical model predictions and coloured lines represent different scenarios. Shadows represent the 5% and 
95% percentiles obtained using the Monte Carlo routine. Scenarios that include forcing of the biomass are not 
shown.
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Under cumulative stressor scenarios, our study showed that the beneficial effects of fisheries reduction could 
be dampened by the combined impacts of sea warming and alien species. For example, mullets, hake and preda-
tors in general may not recover if sea warming and alien species impacts are also at play. These results highlight 
the need to include stressors other than fisheries, such as climate change and biological invasions, in the assess-
ment of risk and the implementation of an ecosystem-based management approach to correctly assess the future 
of marine ecosystems. Serpetti, et al.26, using an EwE model on the west coast of Scotland, highlighted that ocean 
warming could jeopardize sustainable fisheries practices in the future. Our results are complementary to this 
study and suggest that regional and global scale impacts such as biological invasions and sea warming can impair, 
or at least limit, the outputs of local fisheries management measures.
There is an increasing need to identify and quantify the biophysical thresholds that must not be exceeded, 
so as to prevent catastrophic shifts in ecosystems. Catastrophic shifts can be defined as persistent and substan-
tial reorganizations of the structure and functioning of ecosystems and from which their recovery is difficult or 
impossible77,78. The boundaries of several processes (e.g., climate change and biodiversity loss) define the “safe 
operating space” for humanity78. However, crossing certain boundaries may take the ecosystem beyond its “safe 
operating space”, where the risk of unpredictable and damaging change is very high. Our results highlighted 
the fact that a reduction in fishing activities promotes the resilience of some species to climate change and the 
impacts of alien species in the Eastern Mediterranean Sea, with resilience defined as the capacity of species and 
ecosystems to resist and absorb disturbance and their ability to recover79,80. In addition, some native species 
reacted better to reduced fishing activities when alien species were maintained at constant levels in the absence 
and presence of sea warming. However, once a boundary is crossed, a species can collapse. In our study, this is 
the case for mullets and hake. These species have been severely impacted in recent decades by fishing activities, 
alien species (goatfishes and alien lizardfish, respectively), and sea warming46,68,81–83. In the cumulative impact 
scenarios, these functional groups initially benefited from reduced fishing effort. However, once the boundary of 
thermal tolerance was crossed, mullets and hake decreased notably. When we forced an increase in alien species 
biomass, in addition to sea warming, mullets collapsed due to the additional effects of predation and competition, 
while hake biomass remained almost constant due to the higher abundance of prey. Our study illustrates that 
complex dynamics between environmental and ecological processes may interact in the future and it is essential 
to take them into account.
In recent decades, human activities have exponentially increased1. These include local stressors such as over-
fishing, habitat destruction and pollution, and regional and global stressors, such as biological invasions and 
climate change. Such anthropogenic effects impose large impacts on marine organisms and ecosystems, affecting 
ecosystem structure and services4,67,84. Organisms and ecosystems already stressed by fishing are more vulnerable 
to further impacts such as climate change and biological invasions55,85. As temperature will increase in the future 
and options for the management of ocean warming are limited at the local and regional scale, reducing local 
and regional threats such as overexploitation and biological invasions, may be one of the solutions to promoting 
resilience to climate change, ensuring the capacity to exploit marine resources safely and preserving ecosystem 
functions and services57,86.
Different management actions have been used for reducing the impacts of fisheries, including, among others, 
the establishment of catch limits, fishing effort reductions, increasing gear selectivity and the implementation of 
Marine Protected Areas (MPAs)87. MPAs have been suggested as an effective tool to mitigate impacts of climate 
change and alien species88,89, although biological invasions have been largely disregarded in marine conservation 
plans90 and the effectiveness of MPAs in preventing invasions has been questioned91. The prevention of new intro-
ductions should be a priority in the development of effective policies, followed by early detection, rapid response 
and possible eradication of alien species92. In the context of our study area, some authors have suggested installing 
an environmental barrier in the Suez Canal, such as an hypersaline lock, since it may “reduce the likelihood of 
species migration through canals”93. In fact, “the Suez Canal had, for nearly a century, a natural salinity barrier in 
the form of the high salinity Bitter Lakes”93. In addition, although eradication is challenging, some countries have 
initiated eradication programs to minimize the impacts of alien species in the marine environment. For example, 
in Cyprus, governmental authorities encouraged fishermen to catch alien poisonous pufferfish (Lagocephalus 
sceleratus)94, which have detrimental effects on native biota and fisheries95.
Ecological indicators are quantitative measurements that provide information about key ecosystem charac-
teristics. They are increasingly used to document ecosystem status and to track the effects of anthropogenic and 
environmental stressors on marine ecosystems, as well as the effectiveness of management measures; making 
them a valuable tool within the EBM framework96–98. We showed that trophic level-based indicators (mTLc and 
mTLco) were informative about the effects of fishing pressure, as they decreased in the baseline scenario (high 
fishing pressure) while increasing in all scenarios where fishing reductions were implemented. However, they 
exhibited opposite trends in sea warming scenarios. The predatory biomass indicator also indicated potential 
benefits of fishing restrictions, as well as detrimental impacts of sea warming. In addition, Kempton’s index suc-
cessfully tracked fishing pressure, sea warming and impacts of alien species. Therefore, our study illustrates how 
several ecological indicators obtained from EwE models can be useful to assess ecosystem status99,100, but they 
may show complex trends to interpret as additional pressures to marine ecosystems are investigated.
Material and Methods
Study area. The Israeli Mediterranean continental shelf (ICS) ecosystem (Figure S1) is located in the Eastern 
Mediterranean Sea, also known as the Levantine Sea. The Levantine Sea has the hottest, most saline and most 
oligotrophic waters in the Mediterranean Sea101,102 as a result of high evaporation rates, very low riverine inputs 
and limited vertical mixing.
Currently, the Levantine Sea is the world’s most invaded marine ecoregion, with important effects on the 
food web29,103. In addition, it has been suggested that intense fishing pressure has jeopardized the sustainability 
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of fishing activities104. Finally, the waters of the Levantine Sea are warming at higher rates than the global aver-
age37,105, with important effects on marine biota36,58.
Overview of the modelling approach. The ecological modelling approach Ecopath with Ecosim (EwE)106 
was used to model the study area. The EwE approach consists of three main modules: the mass-balance routine 
Ecopath, the time dynamic routine Ecosim and the spatial-temporal dynamic module Ecospace. For an exten-
sive review of EwE principles, basic concepts, capabilities and limitations, see Christensen and Walters106 and 
Heymans, et al.107.
The Ecopath mass-balance model was developed using EwE version 6.5 (www.ecopath.org) to characterise the 
structure and functioning of the ICS and to assess the past and current impact of alien species and fishing49. The 
model covered an area of 3,725 km2, with coastal waters up to 200 m in depth. It represented two time periods 
(1990–1994 and 2008–2010), including 39 and 41 functional groups, respectively, from primary producers to top 
predators and considers specific groups for alien species (Figure S2a; Table S1)49. This model took into account 
the main fleets operating in the area, including bottom trawl, purse seine and artisanal fisheries, and recreational 
fishers. Direct and indirect trophic impacts between functional groups and fleets are shown in Figure S2b.
Based on the Ecopath model, the time dynamic module Ecosim108 was constructed and fitted to time series 
of data from 1994 to 2010. The model was used to consider the combined effect of alien species, fishing activities 
and changes in sea surface temperature and primary productivity46. Ecosim uses a set of differential equations to 
describe biomass dynamics, expressed as:
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where dBi/dt is the growth rate of group (i) during time t in terms of its biomass Bi; (P/Q)i is the net growth effi-
ciency of group (i); Mi is the non-predation mortality rate; Fi is the fishing mortality rate; ei is the emigration; and 
Ii is the immigration rate106. Consumption rates (Qij) are calculated based on the “foraging arena” theory109, which 
divides the biomass of a prey into a vulnerable and a non-vulnerable fraction and the transfer rate or vulnerability 
between the two fractions determines the trophic flow between the predator and the prey. The vulnerability con-
cept incorporates density-dependency and expresses how far a group is from its carrying capacity106,110. For each 
predator-prey interaction, consumption rates are calculated as:
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where aij is the rate of effective search for prey (i) by predator (j), vij is the vulnerability parameter, Ti represents 
prey relative feeding time, Tj is the predator relative feeding time, Bi is prey biomass, Pj is predator abundance, 
Mij is the mediation forcing effects, and Dj represents effects of handing time as a limit to consumption rate109,110. 
Environmental response functions (Envfunction, t), which represents the tolerance relationship of a species to an 
environmental parameter (here defined with a minimum and maximum levels and the 10th and 90th preferable 
quantiles), can be used to account for environmental drivers that change overtime, such as temperature. The 
intercept between the environmental response function and the environmental driver is used to calculate a multi-
plier factor (f) (eq. 2), which then modifies the consumption rates of a species, or functional group, with a maxi-
mum value of 1 and declining values (and thus limiting the foraging capacity of a group) when the environmental 
driver deviates from the optimum values26,66.
A time series of nominal fishing effort from the Fisheries Department of the Ministry of Agriculture and Rural 
Development of Israel was used to drive the model by modifying fishing mortality on targeted groups. A time 
series of annual sea surface temperature (SST, upper 30 meters) from 1994 to 2010 and temperature response 
functions were used to drive the temporal dynamics of sensitive functional groups with available information 
(mostly crustaceans and fish groups)46. Time series of SST were obtained from the Mediterranean Forecasting 
System Copernicus (http://marine.copernicus.eu/). Environmental response functions, which here determine 
optimum temperatures and thermal tolerance, were obtained initially from AquaMaps60 and were modified 
incorporating expert local knowledge (see Corrales, et al.46 and Table S2 for further details).
Simulation of future scenarios. We used the temporal dynamic module Ecosim to evaluate the effect of 
plausible future scenarios for major stressors in the area (Table 1). With the exception of the two new alien groups 
(new alien demersal fishes and alien medium pelagic fishes), we used the original Ecosim configuration that was 
fitted to the time series of data46. For these two new alien groups, low vulnerability values had been estimated by 
the model in the fitting procedure, impeding a further increase in biomass of these groups in the future. As a con-
tinuous increase in biomass of these groups is expected, we applied a high vulnerability value (v = 10) to them to 
allow a larger change in the baseline predation mortality. All future scenarios were run for 50 years, from 2010 to 
2060, and included variations of different stressors (Table 1). Primary production, in the absence of information 
about projected potential changes, was kept constant in all the scenarios from 2010 to 2060.
The original configuration of the dynamic model was used as a baseline simulation (Business as usual (BAU)) 
(Scn1). We then assessed the impact of various fisheries management strategies while keeping constant temper-
ature levels from 2010 to 2060. Scn2 included the new fishing regulations approved by the Fisheries Department 
of the Ministry of Agriculture and Rural Development of Israel in 2016. These regulations, among other com-
ponents, consist of a reduction in fishing efforts for the trawling and artisanal sectors and impose restrictions 
on the recreational fishers. For the trawl fleet, a complete cessation of its activity between April and June was 
implemented. In addition, the trawl fleet in the northern part of the country is to be mostly eliminated. These two 
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regulations were implemented in our scenario and represented a reduction in trawl effort of nearly 50% (Fig. 8a). 
For the artisanal fleet, a ban between April and May was implemented and implied a reduction in fishing effort of 
nearly 15% (Fig. 8a). For recreational fishers, the new regulation restricted their capacity to a maximum catch of 
5 kg per day. In the absence of detailed data about recreational effort and being conservative, a reduction of 20% 
of the effort was applied (Fig. 8a). In addition, some sectors of the Israeli society have called for a ban of trawling 
altogether. Therefore, we ran a scenario that applies the new fishing regulations with trawling eliminated within 
the first 3 years of the simulation (Fig. 8b) (Scn3). In addition, to quantify only the effects of these new fishing 
regulations, we ran a scenario keeping the biomass of alien species and temperature constant from their 2010 
levels to 2060 (Scn4).
To predict the impact of sea warming on the ICS ecosystem, future SST projections of the study area were 
obtained from the Royal Netherlands Meteorological Institute Climate explorer (http://climexp.knmi.nl). We cal-
culated SST projections under the four scenarios of greenhouse emissions (RCP2.6, RCP4.5, RCP6 and RCP8.5). 
As SST from this explorer did not match the SST from COPERNICUS, we calculated SST anomalies for the 
2010–2060 period and these SST anomalies were applied to the COPERNICUS time series (Fig. 8c). Due to sim-
ilar trends of the intermediate scenarios (RCP4.5 and RCP6), we applied only the RCP4.5 scenario. Therefore, 
the scenarios conducted to simulate potential impacts of sea warming were RCP2.6 (Scn5), RCP4.5 (Scn6) and 
RCP8.5 (Scn7). In these scenarios, fishing effort was kept constant from its 2010 levels to 2060.
To forecast future impacts of alien species, we forced the biomass of alien groups to follow current trends 
(Figure S3), while keeping fishing effort and SST constant from their 2010 levels to 2060 (Scn8).
In addition, we evaluated the combined impacts of the stressors simultaneously through three scenarios. In 
Scn9 (combination without forcing alien species), we merged scenarios 2 and 6, thus combining the new fishing 
regulations with an intermediate increase in SST, and we left alien species to change through the time (we did 
not force their biomass). In Scn10 (combination with forcing alien species), we merged scenarios 2, 6 and 8, thus 
combining the new fishing regulations, the intermediate increase in SST and an increase in the biomass of alien 
Figure 8. Stressors in the Israeli Mediterranean continental shelf (ICS) ecosystem for the period 1994–2060 
considered in this study: (a) relative fishing effort by fleet as a result of the application of the new Israeli law 
starting in 2010 in the simulations; (b) relative fishing effort by fleet as a result of the application of the new 
Israeli law with the closure of the trawl fleet after three years of reduction from 2010; and (c) historical annual 
sea surface temperature (black line) and its projection under the three scenarios of IPCC projections.
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species following current trends. In Scn11 (combination with forcing alien species constant), we merged sce-
narios 2 and 6, thus combining the new fishing regulations, the intermediate increase in SST, and we force alien 
species to keep them at 2010 levels.
Analysis. We analysed changes in the biomass of selected functional groups. These groups were chosen taking 
into account their inclusion in the time series fitting (see Corrales, et al.46) and considering their importance (eco-
nomic and ecological importance, such as commercial species and vulnerable species). In addition, functional 
groups were aggregated taking into account their ecological role, taxonomy, habitat and between alien and native 
functional groups. Therefore, we defined separate groups as primary producers, zooplanktonic species, inverte-
brates, fishes and vulnerable species (which included sea turtles, sea birds and dolphins). Invertebrates and fishes 
were split into native and alien groups, and fishes were also divided between demersal and pelagic.
In addition, a selection of ecological indicators was used to evaluate the impacts of ecological changes on the 
ecosystem over time:
 (1) Total biomass (excluding detritus) (t·km−2), which included biomass of all the functional groups excluding 
detritus (detritus and discards). This indicator was used to quantify changes at the whole ecosystem level20.
 (2) Forage fish biomass (t·km−2), which included the biomass of benthopelagic fishes, small pelagic fish-
es, mackerel and horse mackerel. This indicator was analysed to quantify changes in the pelagic 
compartment111.
 (3) Invertebrate biomass (t·km−2), which included biomass of benthic invertebrate groups. This indicator was 
used to assess the dynamics of benthic invertebrates in the ecosystem, which tends to benefit from reduc-
tions in fish and predator biomass112.
 (4) Predatory biomass (t·km−2), which included biomass of all the groups with TL ≥4 and tends to decrease 
with increasing fishing impact in marine ecosystems113.
 (5) Kempton’s index, which expresses biomass diversity by considering those organisms with trophic levels ≥3 
and tends to decrease with ecosystem degradation114.
 (6) Total catch (t·km−2·year−1), which includes the annual catches of the different fleets and provides an idea of 
total fisheries removals111.
 (7) Mean Trophic Level of the catch (mTLc), which expresses the TL of the catch, reflects the fishing strategy of 
the fleet and is used to quantify the impact of fishing112.
 (8) Mean Trophic Level of the community (mTLco), which expresses the Trophic Level (TL) of the whole 
ecosystem, reflects the structure of the ecosystem and is used to quantify the impact of fishing113.
 (9) Total System Throughput (t·km−2·year−1) (TST), which estimates the total flows in the ecosystem and is a 
measure of ecosystem size115.
 (10) Finn’s Cycling Index (FCI, %), which represents the proportion of the TST that is recycled in the system 
and is an indicator of stress and structural differences116.
 (11) Path length (PL), defined as the average number of compartments through which a unit of inflow passes, 
which is an indicator of stress117.
Assessing uncertainty. Monte Carlo simulations and the Ecosampler plug-in were used to evaluate the 
impact of uncertainty in Ecopath input parameters (biomass, production and consumption rates) on Ecosim 
outputs (biomass and catch trends, and ecological indicators)107,118,119. We ran 500 Monte Carlo simulations for 
each scenario based on input parameter pedigree, which documents the quality of the input data (see Table S3 
for confidence intervals of all input parameter), to determine the 5% and 95% confidence intervals for Ecosim 
outputs. Finally, a Spearman’s rank correlation test implemented in R software v 3.4.2 was used to assess the cor-
relation between model outputs (predicted results without uncertainty analysis) with time.
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1. Introduction
‘‘Ecopath with Ecosim’’ or EwE is a freely available and open-
source food web modelling approach widely applied to assess
the impact of human exploitation and environmental change on
predominantly aquatic food webs. The EwE approach consists of
a three computational modules: Ecopath, a mass-balance energy
accounting model to capture relevant components, their interac-
tions, and their exploitation in a food web; Ecosim, which applies
the Ecopath assumptions across time; and Ecospace, which adds a
spatial dimension to the temporal dynamics [1,2]. In addition, the
EwE approach contains a range of analytical modules, and features
a powerful plug-in system that allows third-part analytical tools
to seamlessly integrate into the flow of EwE and its computational
models [3].
A limitation of EwE has been the lack of facilities tomeasure the
impact of parameter uncertainty on its predictions [4]. The ability
of ecosystem models to reproduce observed trends and patterns
in nature depends on a thorough understanding of ecosystem
behaviour, and because this understanding is always incomplete,
and models are necessary simplifications of reality, the parame-
terization of ecosystem models de facto suffers from uncertainty.
By considering input parameter uncertainty, ranges of possible
outcomes give a better understanding of the reliability of model
predictions [1,5–7].
During its development history, the EwE feature set gained –
and at times lost – tools that partially addressed this issue. A
Monte Carlo enginewas added to assess the impact of sensitivity in
key Ecopath parameters on Ecosim predictions [1,6,8]. EcoRanger,
which provided a Monte Carlo-like approach to find the best fit-
ting Ecopath parameter set to a series of user-defined criteria [9],
received criticism for making it too easy to ‘fix’ faulty models and
was discontinuedwith the release of EwE version 6.0 [10]. Two dis-
tinct management strategy evaluation tools include Ecopath input
parameter uncertainty when evaluating the impact of alternative
fishing policies [3,11]. The stepwise fitting routine automates the
process of testing ranges of hypotheses to find the best statistical
fit to time series [12]. Last, the recently added Ecological Indicators
(ECOIND) plug-in includes input parameter uncertainty on a range
of ecological indicators [8]. However, to date the EwE approach
is left wanting the means to explore the impact of parameter
uncertainty on all of its predictions.
EwEmodels are being increasingly used for policy andmanage-
ment advice, such as the Roberts Bank terminal EIA [13] and the
Louisiana Delta Management plan [14], and integration of the EwE
approach into international assessment frameworks (e.g., [15]).
Lacking an out-of-the box feature to perform system-wide in-
put parameter sensitivity testing has led to the development of
third party toolboxes such as DataReli [16] and ecopath_matlab—a
MATLAB implementation of a partial feature set of EwE to assess
the impact of input parameter uncertainty on ecological network
indicators [5]. Consequently, it has become imperative that the
EwE approach gains the native ability to provide insights into how
parameter sensitivity can affect the predictions of any module of
EwE [4,6,17,18].
We have built a new module to address these needs, Ecosam-
pler, which we present in this paper. To illustrate its capabil-
ities, we apply Ecosampler to a food web model of the Israeli
Mediterranean continental shelf [19,20], and explore the impact
of parameter uncertainty on key ecological indicators delivered by
two external analytical plug-ins: Ecological Network Analysis and
ECOIND.
2. Problems and background
The main challenge to developing a EwE-wide parameter un-
certainty module is that the EwE approach is open-ended in scope.
The EwE source code is free and open source, which means that
anyone can use and extend the codewithin code license terms [10].
The code ismodular, which allows programmers to replace or omit
EwE building blocks, or to integrate EwE food web modelling logic
into their own code, for addressing specific research questions [3].
The source code is highly extensible through the plug-in system,
which allows programmers to connect any logic into the EwE
execution flowwithout having to alter the EwE source code [3,10].
This flexibility, as shown in Fig. 1, has given the EwE desktop
software significant new functionality through third-party plug-
ins, while the EwE computational engines have been embedded in
custom analytical code scripts [3,7,8,13,21]. The challenge was to
define amodel uncertainty framework that can address parameter
uncertainty in existing and future module of EwE, in any existing
and future plug-in, while supporting themodular structure of EwE.
A EwE-wide uncertainty assessment module needs to vary the
Ecopath input parameter set. The built-in Monte Carlo routine
varies Ecopath input parameters intervals in search of alternate
mass-balancedmodels. The coefficient of variation can be entered,
or can be obtained from data pedigree—ameasure of confidence in
the data source of each parameter [1]. Monte Carlo then assesses
if alternate mass-balanced models, where all energy in the sys-
tem is accounted for without requiring outside sinks or sources
(ecotrophic efficiency values <= 1), yield a better statistical fit to
observations in the temporal module Ecosim. The built-in Monte
Carlo routine had two major limitations for our purposes: (1)
it could not vary all Ecopath input parameters, and (2) finding
alternate mass-balanced parameter sets for complex or tightly
constrainedmodels could be very time consuming task. Separating
the Monte Carlo logic from Ecosim for building an uncertainty
engine was not a feasible task. However, EwE already offered a
series of plug-in points that expose the flow of the Monte Carlo
routines to external code.
A EwE-wide uncertainty assessmentmodule requires capturing
outputs of all model routines, including those produced by existing
and future plug-ins. To keep EwE open-ended in scope, the plug-
in system does not pose restrictions to the workings of plug-ins,
nor does it prescribe data formats for computed results. Central-
ized collection and analysis of an open-ended number of output
formats is therefore an unrealistic option. However, EwE users
typically consume the various outputs of EwE through custom
written scripts in R, Matlab, Excel macros, etc., for further analysis.
To facilitate this type of use, EwE already contains an auto-save
system to control which core models, and which subscribed plug-
ins, automatically write their results to file. The auto-save system
thus offers a useful venue for capturingmodel outputs as it already
ties in to common EwE workflows.
3. Software framework
Ecosampler was implemented as an extension to the EwE core
using Microsoft Visual Basic .NET. Ecosampler operates in three
separate modes: record, review, and run.
In record mode, Ecosampler listens to the execution of the
built-in Monte Carlo routine. WhenMonte Carlo finds an alternate
mass-balanced parameter set for the loaded model, Ecosampler
intercepts the parameters variations made by Monte Carlo, and
stores this parameter set in the EwE model database as a sample
(Fig. 2).
In review mode, EwE software users can load samples, one at
the time, into the Ecopath desktop software. Sample values and
their impact on the variousmodel components can be checked, and
samples producing ecologically unrealistic results can be deleted.
In run mode, Ecosampler loads a number of samples, one at the
time. For each sample, the default EwE output folder is rerouted
to a unique folder, and its Ecopath parameter values are written
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Fig. 1. The modular structure of the Ecopath with Ecosim source code, separating data access, computations, and user interface into exchangeable components. A plug-in
system provides the means to extend the EwE model, and to connect to other software external to the EwE software.
Source: Adapted from Steenbeek et al., 2016.
Fig. 2. Flow chart of Ecosampler recordmode. Through the plug-in system, Ecosampler listens to the execution of theMonte Carlo routines and intercepts and stores alternate
mass-balanced Ecopath parameter sets.
to that folder. Then, Ecosampler runs the mass-balanced model
Ecopath, the time-dynamic model Ecosim (if loaded), and the
temporal–spatial model Ecospace (if loaded), restores the initial
Ecopath parameter sets, and restores the default EwE output lo-
cation. Any EwE core module and any plug-in that is connected
to these core modules will run, and, if configured to automatically
write outputs, will write their predictions to the rerouted output
folder values to drive (Fig. 3). At this point, the uncertainty analysis
can then be performed using statistical software of choice.
In addition, Ecosampler needs to consider the possibility that
stored samples can become invalid when the master Ecopath
model is modified. Samples are alternate representations of the
master Ecopath model, and when the EwE user modifies the Eco-
path parameters of the master model, samples are assumed to be
no longer valid alternatives of the Ecopath master parameter set
as any parameter modification may alter the balanced state of the
model. To safeguard sample validity, Ecosampler integrates itself
into the EwE save system, and offers EwE users the choice to delete
all stored sampleswhenmodified Ecopath parameters are about to
be saved.
4. Implementation
We extended the functionality of the built-in Monte Carlo
routine to allow perturbation of Ecopath basic input parameters
fisheries landings and discards, biomass accumulation rates, and
diets, in addition to the parameters biomass, production, consump-
tion, ecotrophic efficiency, and biomass accumulation that Monte
Carlo was already capable of varying. The coefficients of variation
for landings and discards can be obtained from the pedigree values
for catch data. Two different methods to vary the diet matrices
were added: using Dirichlet distributions [7], or using normal
distributions where coefficients of variation can be obtained from
diet pedigree. Instructions how to use the Dirichlet distributions to
vary diets are included in the supplementarymaterial (Appendix A,
Supplementary File 1).
We also provided Ecosamplerwith the ability to import samples
from other model databases. The process of finding alternative
mass-balanced parameter sets through Monte Carlo can take a
long time for tightly constrained Ecopath models, or models with
complex diet matrices. To speed up the process of finding and
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Fig. 3. Flow chart of Ecosampler batch run mode. Samples are loaded, one at the time, into Ecopath. Ecosampler first alters the base output path, after which it executes the
Ecopath, Ecosim, and Ecospace models. Connected plug-ins automatically execute as well. Any component configured to save its output to drive will do so. Ecosampler will
then clean up after itself by restoring the output path and restoring the Ecopath parameter set to its initial state.
recording samples for such models, EwE users can record sam-
ples on different computers, each using a copy of the same EwE
model database. Via the import functionality, samples recorded
into copies of an EwE model database can be brought into the
master model database for performing Ecosampler batch runs.
The user guide to Ecosampler is included in the supplementary
material of this manuscript (Appendix A, Supplementary File 2).
5. Case study
We used Ecosampler to assess parameter uncertainty on a
range of indicators computed by the Ecological Network Analysis
(ENA) and ECOIND plug-ins. As an example, we used a previously
built food web model that represents the Israeli Mediterranean
continental shelf ecosystem. The model was fitted to time series
of data from 1994 to 2010 considering the combined impacts of
alien species, fishing activities, and changes in sea surface tem-
perature and primary productivity on the local food web [20].
We ran 1000 Monte Carlo simulations where Ecopath parameters
biomass (B), production (P/B) and consumption (Q/B) rates, and
ecotrophic efficiency (EE) were varied. The coefficients of variation
were obtained from the pedigree routine, as defined in Corrales
et al. [19]. Ecosampler recorded more than five-hundred alter-
nate mass-balanced Ecopath models. We then ran these samples
through the temporal module Ecosim, the ‘Ecological Network
Analysis’ plug-in, and the Ecological Indicators’ plug-in, to assess
the impact of input parameter uncertainty onto the output of these
modules.
For a description of the steps taken to record and validate the
samples, and for an in-depth description of the content of the
samples, please refer to the supplementary material (Appendix A,
Supplementary File 3).
Perturbed ENA and ECOIND indicators were analysed through
a custom written R script. Biomass results from the Monte Carlo
routine, and indicators delivered by ENA and ECOIND plug-
ins, were used to plot the range of outputs (the 5th and 95th
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Fig. 4. Predicted (solid lines) versus observed (dots) biomass for various functional groups of the model for the Israeli Mediterranean continental shelf ecosystemmodel for
the period 1994–2010 (modified from Corrales et al., 2017a). Blue shadows represent the 5th and 95th percentiles obtained from Ecosampler-perturbed model outputs. Rho
and p-values were obtained from Spearman’s rank correlation test. Image credits http://ian.umces.edu/symbols/.
percentiles) to assess uncertainty. Finally, we used Spearman’s
rank correlation statistical test to assess the correlation between
model outputs (biomass and ecological indicators) and time. We
selected the following indicators:
(1) Predatory biomass, that includes biomass of all the groups
with Trophic Level (TL) ≥ 4 and tends to decrease with
increasing fishing impact [22];
(2) Kempton’s Q index, which expresses biomass diversity of
organismwith TL≥ 3 and tends to decrease with ecosystem
degradation [23];
(3) Mean TL of the community (mTLco), which expresses the TL
of thewhole foodweb (living groups) and is used to quantify
the impact of fishing [22];
(4) Total System Throughput (TST), which estimates the total
flows in the food web and is a measure of ecosystem size
and indicates if the ecosystem is in equilibrium [24];
(5) Finn’s Cycling Index (FCI), which expresses the proportion
of the TST that is recycled in the system and is an indicator
of stress [24];
(6) Path Length (PL), defined as the average number of groups
that flows passes through and is an indicator of stress [25].
Historical model predictions satisfactorily match observed data
(for further information, see Corrales et al. [20]). The model shows
a decreasing historical pattern for the biomass of several groups
(Fig. 4). For example, hake (Fig. 4c) and rocky fishes (Fig. 4d)
showed significant declines. On the contrary, biomass of alien
crabs (Fig. 4a), goatfishes (Fig. 4b) and earlier alien demersal fishes
(Fig. 4e) significantly increase over time, while rays and skates
(Fig. 4f) showanon-significant increasing trend.Historical biomass
trends produced by the model show great variation in uncertainty
between functional groups, which is due to large variations in
the confidences of model inputs for these functional groups. For
example, alien crabs (Fig. 4a) and earlier alien demersal fishes
(Fig. 4e) present the widest confidence intervals while goatfishes
(Fig. 4b), rocky fishes (Fig. 4d) and rays and skates (Fig. 4f) show the
narrowest confidence intervals. Although parameter uncertainty
in some cases is large, main patterns are generally captured.
The results also show that the ecosystem has substantially
changed from 1994 to 2010 (Fig. 5; for further information, see
Corrales et al. [20]). For example, predatory biomass first decreased
and then increased, with an overall non-significant increasing
trend (Fig. 5a). This is due to the decline of predators in the mid-
nineties and the recovery and explosive increase of alien predators
from 2007 and onward [20]. The mTLco shows a non-significant
decreasing pattern (Fig. 5b), which is attributed to overfishing
and the explosive increase of alien species [20]. The Kempton’s
index fluctuates over time with a non-significant decreasing trend
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Fig. 5. Ecological indicators resulting from the Israeli Mediterranean continental shelf ecosystem. Black lines represent model predictions using the initial Ecopath model
(without any Ecosampler perturbation); blue shadows represent the 5% and 95% percentiles obtained from Ecosampler-perturbed model outputs. Rho and p-values were
obtained from Spearman’s rank correlation test.
(Fig. 5c), in line with results of predatory biomass. The TST pa-
rameter presents a significant increasing trend (Fig. 5d), indicating
an ecosystem that is not in equilibrium. This trend is attributed
to a higher primary productivity, and the increasing importance
of alien species in the ecosystem [20]. The FCI and PL parameters
show a decreasing trend, indicating a pattern of degradation of the
ecosystem during the period [20]. Results also show the different
sensitivity of indicators to Ecopath input parameters (Fig. 5). For
example, predatory biomass, mTLco and PL seem to be less sen-
sitive than Kempton’s index, TST and FCI. As in biomass outputs,
the main patterns of ecological indicators are generally captured
(Fig. 5).
Besides exploring the impact of uncertainty on model output,
the sampled space of alternative balanced models offers a wealth
of information. In the supplementary material (Appendix A, Sup-
plementary File 3) we demonstrate how this data can be accessed
and the type of information it contains. To illustrate, looking at
the statistics gathered from the Ecosampler perturbations, it is
interesting that alternate balanced models allowed for an average
of 3% increase of biomasses, 6% increase in production rates, while
allowing for 3% reduction in consumption rates and ecotrophic
efficiencies (Fig. 1, Appendix A, Supplementary File 3). Further
analysis can be developed to provide a better understanding of the
model structure itself.
6. Impact
Ecological models in general, and Ecopath with Ecosim models
in specific, are increasingly applied in a wide range of scientific
disciplines andmanagement settings. Knowingmodel output con-
fidence is essential to assess and interpret EwE model predictions
withmore certainty [26] for such applications. To this end, Ecosam-
pler provides a powerful engine to assess the impact of Ecopath
input parameter uncertainty on any computational module in the
EwE approach.
The utility of Ecosampler ranges far beyond the calculation
of indicators as presented here in the case study. Knowing and
propagating parameter uncertainty onto any module of the EwE
approach, and any existing and future plug-in, can aid efforts
such as spatial and temporal model comparisons, exploring model
behaviour, exploring behaviours and responses of indicators over
time, etc. In particular, Ecosampler holds potential for fisheries
management and policy exploration, where it offers support by
providing estimates of risk around reference points, as well as
providing insights into the uncertainty around ecological impacts
of harvest control rules (e.g, [7,27]). In addition, the resampled
input parameter space provides awealth of information that can be
used to attain deeper understanding of the ecosystem model and
the represented ecosystem. By providing information on the input
parameters to which the ecosystem functioning is most sensitive,
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Ecosampler can play an important role in providing evidence on
where further research efforts should be focused.
It is important to note that the Ecosampler framework can cur-
rently only be used to assess the impact of parameter uncertainty
in most commonly entered Ecopath parameters. A future version
of Ecosampler should be able to vary the remaining Ecopath pa-
rameters, and key parameters to Ecosim such as vulnerabilities,
Ecospace parameters like dispersal rates, and perhaps even func-
tional responses used by the Habitat Foraging CapacityModel [28].
We wish to stress that randomly sampling baseline parameters
in complex food webs, where variables are often correlated and/or
have compounding effects, may trigger changes in the functioning
of food web. For instance, resampling diets may trigger predator
functional responses in Ecosim. These kind of cascading effectswill
have impacts throughout foodweb, andmust be taken into account
when interpreting results produced via Ecosampler.
7. Conclusions
In this paper a new module for the Ecopath with Ecosim food
web modelling approach, Ecosampler, was presented. Ecosampler
can be used to assess the impact of basic Ecopath input parameter
uncertainty on any computation module of EwE, and any plug-in.
This open-ended applicability of Ecosampler offers a foundation
for new applications of EwE, far beyond the current capabilities
offered by existing parameter uncertainty testing tools for EwE
models.
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File 2—Ecosampler user manual.pdf
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online at https://doi.org/10.1016/j.softx.2018.06.004.
References
[1] ChristensenV,Walters CJ. Ecopathwith Ecosim:methods, capabilities and lim-
itations. Ecol Model 2004;172:109–39. http://dx.doi.org/10.1016/j.ecolmodel.
2003.09.003.
[2] Walters C. Impacts of dispersal, ecological interactions, and fishing effort
dynamics on efficacy of marine protected areas: how large should protected
areas be?. Bull Mar Sci 2000;66:745–57.
[3] Steenbeek J, Buszowski J, Christensen V, Akoglu E, Aydin K, Ellis N, et al.
Ecopath with Ecosim as a model-building toolbox: Source code capabilities,
extensions, and variations. EcolModel 2016;319:178–89. http://dx.doi.org/10.
1016/j.ecolmodel.2015.06.031.
[4] Guesnet V, Lassalle G, Chaalali A, Kearney K, Saint-Béat B, Karimi B, et al.
Incorporating food-web parameter uncertainty into Ecopath-derived ecologi-
cal network indicators. Ecol Model 2015;313:29–40.
[5] Kearney K. ecopath_matlab: A Matlab-based implementation of the Ecopath
food web algorithm. J Open Source Softw 2017 http://joss.theoj.org/papers/
55cdc396174664e690bec9b2fa7c50bf [Accessed 12 June 2017].
[6] Plaganyí EP, Butterworth DS. A critical look at the potential of ecopath with
ecosim to assist in practical fisheries management. Afr J Mar Sci 2004;26:261–
87.
[7] Platts M, Mackinson S. A routine for evaluating the performance of manage-
ment strategies with Ecopath with Ecosim: MSE plugin methods and users
guide, Cefas and Ecopath International Initiative, Lowestoft; 2017. http://dx.
doi.org/10.14466/CefasDataHub.44.
[8] Coll M, Steenbeek J. Standardized ecological indicators to assess aquatic
food webs: The ECOIND software plug-in for Ecopath with Ecosim models.
Environ Model Softw 2017;89:120–30. http://dx.doi.org/10.1016/j.envsoft.
2016.12.004.
[9] Christensen V, Pauly D. Ecological modeling for all. Naga ICLARM Q 1996;19:
25–26.
[10] Christensen V, Lai S. Ecopath with Ecosim 6: the sequel. Sea Us Proj Newsl
2007;43.
[11] Mackinson S, Platts M, Garcia C, Lynam C. Evaluating the fishery and eco-
logical consequences of the proposed North Sea multi-annual plan. PLoS One
2018;13:e0190015. http://dx.doi.org/10.1371/journal.pone.0190015.
[12] Scott E, Serpetti N, Steenbeek J, Heymans JJ. A Stepwise Fitting Procedure for
automated fitting of Ecopath with Ecosim models. SoftwareX 2016;5:25–30.
http://dx.doi.org/10.1016/j.softx.2016.02.002.
[13] Canadian Environmental Assessment Agency, Roberts Bank Terminal 2 Project
- Environmental Impact Statement, Canadian Environmental Assessment
Agency, Roberts Band, Delta, B.C; 2015. Available from: https://www.ceaa-
acee.gc.ca/050/document-eng.cfm?document=101482. [Accessed6May2015].
[14] de Mutsert K, Lewis KA, Steenbeek J, Buszowski J, Milroy S, Cowan Jr JH.
Louisiana Coastal Area Delta Management Ecosystem Modeling: Delta Man-
agement Fish and Shellfish EcosystemModel, Louisiana Coastal Protection and
Restoration Authority, Baton Rouge, Louisiana; 2015.
[15] Stips A, Dowell M, Somma F, Coughlan C, Piroddi C, Bouraoui F, et al. Towards
an integrated water modelling toolbox. Ispra, Italy: Joint Research Centre -
Institute for Environment and Sustainability; 2015. http://mcc.jrc.ec.europa.
eu/documents/201603214045.pdf.
[16] Lassalle G, Bourdaud P, Saint-Béat B, Rochette S, Niquil N. A toolbox to evaluate
data reliability for whole-ecosystem models: Application on the Bay of Biscay
continental shelf food-web model. Ecol Model 2014;285:13–21. http://dx.doi.
org/10.1016/j.ecolmodel.2014.04.002.
[17] Essington TE. Evaluating the sensitivity of a trophic mass-balance model
(Ecopath) to imprecise data inputs. Can J Fish Aquat Sci 2007;64:628–37.
[18] Pauly D, Christensen V, Walters C. Ecopath, ecosim, and ecospace as tools for
evaluating ecosystem impact of fisheries. ICES J Mar Sci J Cons 2000;57:697–
706.
[19] Corrales X, Ofir E, Coll M, Goren M, Edelist D, Heymans JJ, et al. Modeling the
role and impact of alien species and fisheries on the Israeli marine continental
shelf ecosystem. J Mar Syst 2017;170:88–102.
[20] Corrales X, Coll M, Ofir E, Piroddi C, Goren M, Edelist D, et al. Hindcasting the
dynamics of an eastern mediterranean marine ecosystem under the impacts
of multiple stressors. Mar Ecol Prog Ser 2017;580:17–36. http://dx.doi.org/10.
3354/meps12271.
[21] Christensen V, Coll M, Buszowski J, Cheung WWL, Frölicher T, Steenbeek J, et
al. The global ocean is an ecosystem: simulatingmarine life and fisheries. Glob
Ecol Biogeogr 2015;24:507–17. http://dx.doi.org/10.1111/geb.12281.
[22] RochetM-J, Trenkel VM.Which community indicators canmeasure the impact
of fishing? A review and proposals. Can J Fish Aquat Sci 2003;60:86–99.
[23] Ainsworth CH, Pitcher TJ. Modifying Kempton’s species diversity index for use
with ecosystem simulation models. Ecol Indic 2006;6:623–30.
[24] Finn JT. Measures of ecosystem structure and function derived from analysis
of flows. J Theoret Biol 1976;56:363–80.
[25] Christensen V. Ecosystemmaturity—towards quantification. Ecol Model 1995;
77:3–32.
[26] Heymans JJ, Coll M, Link JS, Mackinson S, Steenbeek J, Christensen V. Best prac-
tice in Ecopath with Ecosim food-web models for ecosystem-based manage-
ment. Ecol Model 2016;331:173–84. http://dx.doi.org/10.1016/j.ecolmodel.
2015.12.007.
[27] Gaichas SK, Seagraves RJ, Coakley JM, DePiper GS, Guida VG, Hare JA, et al. A
framework for incorporating species, fleet, habitat, and climate interactions
into fishery management. Front Mar Sci 2016;3. http://dx.doi.org/10.3389/
fmars.2016.00105.
[28] Christensen V, Coll M, Steenbeek J, Buszowski J, Chagaris D, Walters CJ.
Representing variable habitat quality in a spatial food webmodel. Ecosystems
2014;1–16. http://dx.doi.org/10.1007/s10021-014-9803-3.
